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Techniques for increasing bandwidth in port-per-module 
memory Systems having mismatched memory modules are 
disclosed. In one exemplary embodiment, the techniques are 
realized through a memory System comprising a memory 
module and a memory controller. The memory module 
comprises a memory component having a memory core for 
Storing data therein, a first Set of interface connections for 
providing access to the memory core, and a Second Set of 
interface connections for providing access to the memory 
core. The memory module also comprises access circuitry 
for Selecting between a first mode wherein a first portion of 
the memory core is accessible through the first Set of 
interface connections and a Second portion of the memory 
core is accessible through the Second Set of interface 
connections, and a Second mode wherein both the first 
portion and the Second portion of the memory core are 
accessible through the first Set of interface connections. The 
memory controller provides memory acceSS Signals to the 
memory module for Selecting between the first mode and the 
Second mode. 

15 Claims, 45 Drawing Sheets 

Address 1a <- 

31 Fs 
data Slice 1 

178 

176 
p rt A. 

DNs 
Data Slice Ns 

Pt.2 A2 156 

Address 2 < . 
ad 

Data Slice 

DNs. 
Data Slicens 

  



US 6,826,657 B1 Sheet 1 of 45 Nov.30, 2004 U.S. Patent 

( 

NGO 

09 

[-> I øoliseleq 
?OJO 

E> z sseppy 

Jello.Juod AIOueW 

  



(que Jo?ud) g| ?Jnfil 

US 6,826,657 B1 Sheet 2 of 45 Nov.30, 2004 U.S. Patent 

S 

Jelouoo AloueW 

  



(?ue Jo?ud) Z ?un61– 

US 6,826,657 B1 U.S. Patent 

  



U.S. Patent Nov.30, 2004 Sheet 4 of 45 US 6,826,657 B1 

th 

2 
9. 
w 

O 
d 

  



U.S. Patent Nov.30, 2004 Sheet 5 of 45 US 6,826,657 B1 

c 
9. 
w 

O 
c) 

  



U.S. Patent Nov.30, 2004 Sheet 6 of 45 US 6,826,657 B1 

8 

  



U.S. Patent Nov.30, 2004 Sheet 7 of 45 US 6,826,657 B1 

g 

s 

a. 

s 

  



U.S. Patent Nov.30, 2004 Sheet 8 of 45 US 6,826,657 B1 

3 

2 

  



U.S. Patent Nov.30, 2004 Sheet 9 of 45 US 6,826,657 B1 

i 
s N 

Z 

LE i\\?/ At 2, 
s 

g g 

e 
3. 

: s 

  

  

  

    

  

  

    

  

  



U.S. Patent Nov.30, 2004 Sheet 10 0f 45 US 6,826,657 B1 

  



U.S. Patent Nov.30, 2004 Sheet 11 of 45 US 6,826,657 B1 

9 E (5 
9 

3 5 O 
O) 

S3 9t 

i. 

s 

w 
N. 

  



US 6,826,657 B1 

Xy 

26 

Sheet 12 of 45 Nov.30, 2004 

98 

U.S. Patent 

  



U.S. Patent Nov.30, 2004 

CO 
OO 

N 
a. 
2 

Z 

s 

2S) 
i. s. > 

a. 

Sheet 13 of 45 US 6,826,657 B1 

an 

(V) 
9 s 
5 O 
O 

9t 

5 2 

girl 
nonb tly CC 2. A 

N i s 

N 



U.S. Patent Nov.30, 2004 Sheet 14 of 45 US 6,826,657 B1 

SE 
( 

92 
5 O 
O 

St 

3 s 

i, S.s A. 

2 

, 

s 9 

S. 

g 
s 

XN NYP/ Y 
s d 

3 3 

  



U.S. Patent Nov.30, 2004 Sheet 15 0f 45 US 6,826,657 B1 

e 

3 

3. 

N S 

  



U.S. Patent Nov.30, 2004 Sheet 16 of 45 US 6,826,657 B1 

5 

3 

S. 

  



U.S. Patent Nov.30, 2004 Sheet 17 of 45 US 6,826,657 B1 

8 

S 
vo 

3 

  



U.S. Patent Nov.30, 2004 Sheet 18 of 45 US 6,826,657 B1 

2n 
S 

CS 
N 9 N - 

w O 
O) 

w in 9t 

d 

g Ng is Ngs 

3 

3 
d 
O 
ve 

s 

  



US 6,826,657 B1 U.S. Patent 

  



US 6,826,657 B1 U.S. Patent 

  



/ ?un61 

US 6,826,657 B1 Sheet 21 of 45 Nov.30, 2004 U.S. Patent 

  



U.S. Patent Nov.30, 2004 Sheet 22 of 45 US 6,826,657 B1 

5. 

s 

o 
() 

  



U.S. Patent Nov.30, 2004 Sheet 23 of 45 US 6,826,657 B1 

S 

S 

f & i 

8 

  



U.S. Patent Nov.30, 2004 Sheet 24 of 45 US 6,826,657 B1 

' 

d s 9 Z Z 

O 
d 
N 

- 

NY///NY/7 //"M 

5 5 S 

& 8 

& 

a. s f s f 



U.S. Patent Nov.30, 2004 Sheet 25 0f 45 US 6,826,657 B1 

3. 

S Ess 
N ERN's N s 

is 
ZNY/7/NY7 / . 

rs 

2 2 2 

3 

8 

ac s f s 

s 

  

  



E9 ?un61 

US 6,826,657 B1 Sheet 26 of 45 Nov.30, 2004 

902 

U.S. Patent 

  



US 6,826,657 B1 Sheet 27 Of 45 Nov.30, 2004 U.S. Patent 

6 eun61– 

(~EE 
  

  

  



O? ?un61 

US 6,826,657 B1 U.S. Patent 

  



| || ?un61 

US 6,826,657 B1 U.S. Patent 

  



ZL ?un61 

US 6,826,657 B1 U.S. Patent 

  



US 6,826,657 B1 Sheet 31 of 45 

g 

U.S. Patent 

  

  

  



U.S. Patent Nov.30, 2004 Sheet 32 of 45 US 6,826,657 B1 

to co S O 9. co co S. 
& 8 N & cN & & 8 

N N 

s 
co Leo IS - Neo!IS N 
c -- 
CN cN 

Z 2. 

s s 

3. Z 

w wn 

s sa 
s 
c s 

v 
N 

o 
v 
N 

Z 

S i V 3. 
a Z 
9. 8 

cr) 
o s 
CC s 

C 

Jelouguo) AuoueW 

  

  



U.S. Patent Nov.30, 2004 Sheet 33 0f 45 US 6,826,657 B1 

v 

o 
N N 

9 3 
r N to 

S & d 
& 8 & 8 

LeoIS as A. 
is 8 st 8 
Li X RS e as is a 

cy 1. 

g i 

ve 3 we is C s Šs a S 2 as 1. 
cy N. a 

s 

É S. 

i 
Jeouloo RoueW 74 

s 

  

  

  

  



US 6,826,657 B1 

L-anz Xue5 

WEW 

U.S. Patent 

  

  

  



U.S. Patent Nov.30, 2004 Sheet 35 of 45 US 6,826,657 B1 

s 

c 
0 

C 
O 
d 

s 

  



U.S. Patent Nov.30, 2004 Sheet 36 of 45 US 6,826,657 B1 

1 
p 

s 1 
2 2 2 2 

re N N 
a. k 

C 

es 
n 
N 

N 
n S 

y\\/ YAY 
& i 

S. 
C S d 



OG? eun6|- 

US 6,826,657 B1 U.S. Patent 

  



U.S. Patent Nov.30, 2004 Sheet 38 0f 45 US 6,826,657 B1 

s 

N 

  



US 6,826,657 B1 Sheet 39 0f 45 Nov.30, 2004 U.S. Patent 

EG? eun61 
892 

CIN WN 

?OJO 
OLZ 

† 12 

ZZZ 

<!--- 
ZZZ 

  



9) eln6|- 

US 6,826,657 B1 U.S. Patent 

  

  

  



US 6,826,657 B1 Sheet 41 of 45 Nov.30, 2004 U.S. Patent 

ZL e Infil 
282 

enpotu Xy 

enpouxg 

06? 

982 

enpoux 

  

  

  

  





US 6,826,657 B1 Sheet 43 of 45 Nov.30, 2004 U.S. Patent 

6? eun61 
24,8 

818 
919 

849 
9 LÊ 

EFS ’N Bois ejeo 
NOTO 

-> I øolis eleg LES ‘Nºois eleg 
NOJO 

–> , oons eleq 
?OJO 

aloulu.00 AuolueW 

    





U.S. Patent Nov.30, 2004 Sheet 45 of 45 US 6,826,657 B1 

rt O 
g g 

s 

: | : 

É 

: 

5 ; 

  



US 6,826,657 B1 
1 

TECHNIQUES FOR INCREASING 
BANDWIDTH IN PORT-PER-MODULE 

MEMORY SYSTEMS HAVING 
MISMATCHED MEMORY MODULES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This patent application is related to U.S. patent applica 
tion. Ser. No. 09/949,464, filed Sep. 7, 2001, entitled 
“Improved Granularity Memory Column Access", which is 
hereby incorporated by reference herein in its entirety. 

This patent application is also related to U.S. patent 
application Ser. No. 09/948,755 (Client Reference No. 
RA221. PUS, U.S. patent application Ser. No. 09/948,905 
(Client Reference No. RA319. PUS, and U.S. patent appli 
cation Ser. No. 09/948,906 (Client Reference No. 
RA320. PUS, each of which having been filed concurrently 
herewith, each of which being entitled. “Techniques for 
Increasing Bandwidth in Port-Per-Module Memory Systems 
Having Mismatched Memory Modules”, and each of which 
being hereby incorporated by reference herein in its entirety. 

FIELD OF THE INVENTION 

The present invention relates generally to memory Sys 
tems and, more particularly, to techniques for increasing 
bandwidth in port-per-module memory Systems having mis 
matched memory modules. 

BACKGROUND OF THE INVENTION 

Most electronic memory Systems permit two or more 
memory modules to be connected to each memory port of a 
memory controller. This feature allows a memory System 
manufacturer to connect one memory module to each 
memory controller port, while still allowing a memory 
system owner to later upgrade the memory system by adding 
at least one additional memory module to each memory 
controller port. 

However, in memory systems having a high rate of data 
signaling or other restrictive signaling requirements, only a 
single memory module is permitted to be connected to each 
memory controller port. This is Sometimes called a point 
to-point connection topology, or a port-per-module memory 
system. When a memory system is constrained in this 
fashion, and when it is still necessary to allow the memory 
system to be upgraded at least once after its initial 
manufacture, then problems can arise when the memory 
capacities of the initial memory module and the additional 
memory module(s) do not match. 

To illustrate these problems, it is useful to first describe 
memory systems having point-to-point memory module 
connections wherein only a single memory module is 
employed or multiple memory modules of matching 
memory capacity are employed. For example, FIG. 1 illus 
trates two such memory systems having point-to-point 
memory module connections. More particularly, FIG. 1A 
shows a memory system 10 with one memory module 12 
connected to a first port 14 of a memory controller 16. FIG. 
1B shows a memory system 20 with the first memory 
module 12 connected to the first port 14 of the memory 
controller 16, and a second memory module 28 connected to 
a second port 30 of the memory controller 16. 
The memory modules 12 and 28 in FIGS. 1A and 1B are 

divided into ranks (rows) of memory components (MEM) 
32. The number of ranks is denoted NR, and may vary from 
module to module. Note that in Some memory Systems the 
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2 
point-to-point connection constraint may extend to the 
memory component as well as the memory module. In Such 
a case, the number of ranks NR is limited to one. 
The memory modules 12 and 28 in FIGS. 1A and 1B are 

also divided into slices (columns) of memory components 
(MEM) 32. The number of slices is denoted N, and may 
also vary from module to module. However, the number of 
slices N. times the number of data-type signals per slice N, 
is a constant (N=N*N) determined by the number of 
data-type signals at a memory controller port No. 
The notion of "slice' is used to distinguish address-type 

signals “A” from data-type signals "OD". The data-type 
signals (QID) from a slice of a memory controller port are 
only connected to a corresponding slice of each rank of 
memory components in a memory module. The address-type 
signals (A) are connected to all slices of each rank of 
memory components in a memory module. The address-type 
signals (A) can usually fan-out to more memory components 
than can data-type signals for several reasons including: 1) 
the signaling rate of address-type signals (A) is typically 
lower than data-type signals, and 2) address-type signals 
(A) are typically unidirectional (flowing from memory con 
troller to memory components) and data-type signals (QD) 
are typically bi-directional (flowing in one direction at one 
time and flowing in the opposite direction at another time). 

In addition to memory components (MEM) 32, each 
memory module 12 and 28 also contains some form of 
termination structure (T) 22 at the end of each signal Wire. 
This is typically some Sort of resistor component, and is 
typically required due to high Signaling rates in a memory 
System. 

Other connection topologies within a memory module are 
also possible, and will be described in detail below. The 
topologies shown in FIG. 1 are representative of these other 
connection topologies, and are used as an example to 
illustrate the problem arising from the need to upgrade 
memory systems with point-to-point connections between 
memory controller and memory module(s). 
FIG.2 shows the internal detail of the memory component 

(MEM) 32 that is used in the memory modules of FIG. 1. 
The address-type signals (A) typically comprise row signals 
(Arc, k/Arstrope, Arew, OPR, ABR, and Ar) and column 
signals (Arck/Astrope, Acew, OP, Arc, and Ac). The 
data-type signals (QD) typically comprise read signals (Q, 
Q, K, Qstrope, and Q) and Write signals (Dew, Dork, 
Ds, D and DM). Both the address-type signals (A) and 
the data-type signals (QD) are used to control access to 2' 
banks of memory core 34. 
Arck/Astrope is a timing signal which is used to 

indicate when other row signals carry valid information. 
Such a timing signal is usually called a "clock” or "strobe' 
signal. Acy is a control signal which is optionally present. 
It is an “enable” signal that can indicate when the valid 
information carried by other row signals is to be used or 
ignored by the memory component (MEM) 32. OP is a set 
of signals (a set of Nopr wires) that is used to indicate what 
type of row operation is to take place. Aer is a set of signals 
(a set of Nb wires) that is used to indicate the bank address 
for a row operation. A is a set of signals (a set of Nr wires) 
that is used to indicate the row address for a row operation. 
Three row decode blocks 36 are provided which include 
storage elements (registers and/or latches) and logic that are 
needed to provide row control signals to the memory core 34 
at the appropriate time. 
Acc/Astrope is timing signal which is used to indi 

cate when other column signals carry valid information. 
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Such a timing signal is usually called a “clock” or “strobe' 
Signal. A is a control Signal which is optionally present. 
It is an “enable” signal that can indicate when the valid 
information carried by other column signals is to be used or 
ignored by the memory component. OP is a Set of Signals 
(a set of Nopc wires) that is used to indicate what type of 
column operation is to take place. A is a Set of Signals (a 
set of Nb wires) that is used to indicate the bank address for 
a column operation. A is a set of Signals (a set of Nc wires) 
that is used to indicate the column address for a column 
operation. Three column decode blocks 38 are provided 
which include Storage elements (registers and/or latches) 
and logic that are needed to provide column control Signals 
to the memory core 34 at the appropriate time. 

Note that in Some memory components, Some of the 
above Sets of Signals could share the same wires. However, 
these signals are shown in FIG. 2 in unshared form for 
purposes of descriptive clarity. 

There are two principle types of row operation: activate 
and precharge. When an activate operation is indicated, one 
of the 2' rows of the 2" banks of the memory core 34 is 
selected by row drivers 40 of the memory core 34. 
(2^*M*N) bits of the selected row are then sensed and 
latched by column Sense amplifiers 42 of the memory core 
34. When a precharge operation is indicated, the column 
sense amplifiers 42, row drivers 40, and other circuitry of the 
memory core 34 are returned to a precharged State to await 
the next activate operation. 

There are two principle types of column operation: read 
and write. When a read operation is indicated, one of the 2' 
columns of the 2' banks of the memory core 34 is selected, 
and (M*N) bits of the selected column are transferred to 
a multiplexer 44. This data is grouped into “M” sets of “N," 
bits. The multiplexer 44, which performs a parallel-to-serial 
conversion on the data, transfers "N" bits at a time 
(repeated “M” separate times) to "N" data output pins (Q). 
Qck and Qstrope are timing Signals which are asserted and 
generated, respectively, to indicate when the data output pins 
(Q) carry valid information. Note that Q is typically 
Supplied by an external Source, but could be generated inside 
the memory component (MEM) 32. It could also be syn 
thesized internally from one of the other timing Signals. 
Qso is typically generated inside the memory compo 
nent (MEM) 32 in response to Q. A memory component 
might have both Qck and Ostropic present, or it might have 
only one of the Signals present, or it might have neither 
present. In the last case, a timing Signal for output data is 
typically Synthesized from other timing Signals present in 
the memory component (MEM) 32. 
Q is a control Signal which is optionally present. It is an 

“enable' Signal that can indicate whether the memory com 
ponent (MEM)32 is to drive output data onto the data output 
pins (Q). 
When a write operation is indicated, one of the 2' 

columns of the 2' banks of the memory core 34 is selected, 
and (M*N) bits are received at a first demultiplexer 46. 
This data is grouped into “M” sets of “N" bits. The first 
demultiplexer 46, which performs a Serial-to-parallel con 
version on the data, receives "N" bits at a time (repeated 
“M” separate times) from "N" data input pins (D). Dr. 
and Ds are timing Signals which are asserted to 
indicate when the data input pins (D) carry valid informa 
tion. Note that these timing Signals are typically Supplied 
from an external Source. They could also be Synthesized 
internally from one of the other timing Signals. A memory 
component might have both Qck and Qstroit present, or 

15 

25 

35 

40 

45 

50 

55 

60 

65 

4 
it might have only one of the Signals present, or it might have 
neither present. In the last case, a timing Signal for input data 
is typically Synthesized from other timing Signals present in 
the memory component (MEM 32). 
D is a control signal which is optionally present. It is an 

“enable' Signal that can indicate whether the memory com 
ponent (MEM)32 is to receive input data from the data input 
pins (D). 
The “DM” pins carry “Ndm” signals which supply mask 

information for the write operation. These signals are treated 
like the write data Signals from a timing perspective, passing 
though a Second demultiplexer 48 and undergoing a Serial 
to-parallel conversion. The (M*Ndm) mask signals are 
passed to the memory core 34 along with the (M*N) data 
Signals and control which of the data bits are written to the 
Selected (MN) storage cells of the column sense amplifier 
and eventually to the corresponding Storage cells of the 
selected row of the selected bank. Note that the signals 
carried on input (D) and output (Q) pins are usually carried 
on the same wires (i.e., the QD data lines shown). However, 
they are shown Separately in FIG. 2 for purposes of descrip 
tive clarity. Also note that Some of the other timing and 
control Signals could also share the same wires. Again, 
however, these signals are shown in FIG. 2 in unshared form 
for purposes of descriptive clarity. In any event, as previ 
ously indicated, all the signals associated with the input (D) 
and output (Q) pins share the same topology (i.e., connecting 
from a slice of a memory controller port to corresponding 
Slices of ranks of memory components in a memory 
module). 
With the basic point-to-point connection topology 

memory systems of FIG. 1 now having been fully described, 
it is now appropriate to describe the problems which can 
arise when port-per-module memory Systems having point 
to-point memory module a connections employ memory 
modules of differing memory capacity. To describe these 
problems, it is useful to describe Several alternative port 
per-module memory Systems having point-to-point memory 
module connections wherein multiple memory modules of 
differing memory capacity are employed. 
FIG.3 illustrates the simplest alternative port-per-module 

memory System called an exclusive port-per-module 
memory System. In this alternative, a memory request is 
directed to either of two memory controller ports. There is 
no attempt to operate the two memory controller ports 
Simultaneously. This alternative has the advantage that the 
performance of the memory System does not depend upon 
the relative sizes and presence of the memory modules. The 
disadvantage of this alternative is that the memory System 
has underutilized resources (the memory controller ports and 
memory modules) relative to a memory System which is able 
to operate memory modules Simultaneously. 

In FIG. 3, there are five cases shown: a first memory 
module 62 of capacity “1x' only in FIG. 3A; the first 
memory module 62 and a second memory module 64 with 
memory capacities of “1x'/“1x”, respectively, in FIG. 3B; 
the first memory module 62 and a Second memory module 
66 with memory capacities of “1x”/"2x”, respectively, in 
FIG. 3C; the first memory module 62 and a second memory 
module 68 with memory capacities of “1X"/"4x”, 
respectively, in FIG. 3D; and the first memory module 62 
and a second memory module 70 with memory capacities of 
“1x'/“8x”, respectively, in FIG. 3E. In each case, a memory 
controller 50 comprises a read multiplexer 52 that selects 
read data from one of two memory controller ports 58 and 
60, and two drivers 54 and 56 that transmit write data to one 
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of two memory controller ports 58 and 60. Also, in each 
case, the unified memory Space presented by the memory 
controller 50 to the rest of the system consists of the larger 
memory Space in the lower addresses, and the Smaller 
memory Space in the upper addresses. In the case of FIG.3E 
with the “1x'/“8x’ memory modules, the “8x’ memory 
module 70 occupies the low 2'' words. The “1x” memory 
module 62 occupies the high 2 words. 

Each addressable word is N bits in size, where 
N=M*No, and N=N*N N is the number of QD 
Signal wires per rank, and N is the number of bits trans 
ferred serially in “M” Successive time intervals on the No. 
wires. N is the number of Slices (memory components) per 
rank, and N is the number of QD signal wires per slice 
(memory component). 

FIG. 4 illustrates a Second alternative port-per-module 
memory System called an independent port-per-module 
memory System. In this System, there are two Sets of address, 
read data, and write data Signals between a memory con 
troller 74 and the rest of the system (not shown). These two 
Sets of Signals are appended with a “u' or “v' to distinguish 
them. They are connected to memory request Sources in the 
System (e.g., central processing unit, graphics unit, I/O unit, 
etc), and they permit two simultaneous memory requests to 
be performed. 

In FIG. 4, there are five cases shown: a first memory 
module 86 of capacity “1X” only in FIG. 4A; the first 
memory module 86 and a second memory module 88 with 
memory capacities of “1X"/"1x”, respectively, in FIG. 4B; 
the first memory module 86 and a second memory module 
90 with memory capacities of “1x”/"2x”, respectively, in 
FIG. 4C; the first memory module 86 and a second memory 
module 92 with memory capacities of “1X"/"4x”, 
respectively, in FIG. 4D; and the first memory module 86 
and a Second memory module 94 with memory capacities of 
“1x'/“8x”, respectively, in FIG. 4E. In each case, the 
memory controller 74 comprises two address multiplexers 
76u and 76v, two read data multiplexers 78u and 78’, and 
two write data multiplexers 80u and 80'. The address 
multiplexers 76u and 76v have address queues 82u and 82v, 
respectively, and the write data multiplexers 80u and 80. 
write data queueS 84u and 84v, respectively, for accumulat 
ing memory request addresses and write data, as described 
in detail below. 

This Second alternative port-per-module memory System 
is called an independent port-per-module memory System 
because two memory module Spaces are accessed indepen 
dently. Typically, a high order address bit of the Au and AV 
address buses is used to select between the first and the 
Second memory modules. Each memory request on the “u' 
and “v' buses is Steered to the queue for the appropriate 
memory module. 

In the case of FIG. 4E with the “1x”/“8x” memory 
modules, the second memory module 94 will typically 
receive eight times as many memory requests (per unit of 
time) as the first memory module 86 if the requests are 
evenly distributed acroSS the memory Spaces. This is the 
reason for the queues, since they permit memory requests to 
the more-dense memory module to be accumulated until 
each less frequent memory requests for the leSS-dense 
memory module is received. This insures that the memory 
System achieves the best possible performance level, but 
doesn’t fix the fundamental problem of an uneven request 
rate to the two mismatched memory modules. 
Some applications may be able to guarantee that the 
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6 
memory module are reasonably balanced. This may be 
possible by placing more frequently accessed code and data 
Structures in the leSS-dense memory module. If this is not 
possible, then the performance of a System with two mis 
matched memory modules (e.g., 1X/8x) might have lower 
performance than a System with two matched modules (e.g., 
1X/1x) even though there is more memory in the mismatched 
System. This is very undesirable, Since it is expected that if 
the amount of memory is increased in a System, the perfor 
mance will increase. 

FIG. 5 illustrates a third alternative port-per-module 
memory System called a lockStep port-per-module memory 
System. AS in the Second alternative memory System of FIG. 
4, in the third alternative memory system of FIG. 5 there are 
two Sets of read data and write data Signals between a 
memory controller 96 and the rest of the system (not shown). 
These two sets of signals are appended with a “u” or “v' to 
distinguish them. They are connected to memory request 
Sources in the System (e.g., central processing unit, graphics 
unit, I/O unit, etc), and they permit two simultaneous 
memory requests to be performed. 

However, unlike the Second alternative memory System of 
FIG. 4, in the third alternative memory system of FIG. 5 
there is only a single address bus “A” between the memory 
controller 96 and the rest of the system (not shown). 

In FIG. 5, there are five cases shown: a first memory 
module 114 of capacity “1X” only in FIG. 5A; the first 
memory module 114 and a second memory module 116 with 
memory capacities of “1x'/“1x”, respectively, in FIG. 5B; 
the first memory module 114 and a second memory module 
118 with memory capacities of “1X"/"2x”, respectively, in 
FIG. 5C; the first memory module 114 and a second memory 
module 120 with memory capacities of “1X"/"4x”, 
respectively, in FIG. 5D; and the first memory module 114 
and a Second memory module 122 with memory capacities 
of “1x'/“8x”, respectively, in FIG. 5E. In each case, the 
memory controller 96 comprises address decode logic 98, a 
read data buffer 100, a read data multiplexer 102, a read data 
driver 104, a write data buffer 106, a write data multiplexer 
108, and two write data drivers 110 and 112. 

This third alternative memory system of FIG. 5 is called 
a lockStep port-per-module memory System because each 
memory request is made to two memory modules in lockStep 
(i.e., simultaneously). The Ru read data and Wu write data 
is steered from/to the QD1 data bus of a first memory 
controller port 124, and the RV read data and Wv write data 
is steered from/to the QD2 data bus of a second memory 
controller port 126. This permits memory requests to be 
completed at the maximum possible rate as long as there are 
equal amounts of memory in each memory module. 
However, if the memory modules are mismatched, the 
performance will drop. This can be best Seen in the case of 
FIG. 5E with the “1X/8x” memory modules 114 and 122, 
respectively. When the memory space above the 2 address 
is accessed, memory locations will only be available in the 
Second memory module 122. For a read operation, it will be 
necessary to access two memory locations Sequentially in 
the second memory module 122 and steer them to the Ru and 
RV buses. For a write operation, it will be necessary to steer 
the Wu and Wv buses to the second memory module 122 for 
two Sequential accesses. As a result, the upper memory 
Space can only be accessed at half the rate of the lower 
memory Space. AS in the Second alternative memory System 
of FIG. 4, in the third alternative memory system of FIG. 5 
it is possible that adding memory to the System may cause 
its performance to be lowered. 

In view of the foregoing, it would be desirable to provide 
at least one technique for increasing bandwidth in port-per 
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module memory Systems having mismatched memory mod 
ules which overcomes the above-described inadequacies and 
Shortcomings in an efficient and cost effective manner. 

SUMMARY OF THE INVENTION 

According to the present invention, techniques for 
increasing bandwidth in port-per-module memory Systems 
having mismatched memory modules are provided. In one 
exemplary embodiment, the techniques are realized through 
a memory System comprising a memory module and a 
memory controller. The memory module comprises a 
memory component having a memory core for Storing data 
therein, a first Set of interface connections for providing 
access to the memory core, and a Second Set of interface 
connections for providing access to the memory core. The 
memory module also comprises access circuitry for Select 
ing between a first mode wherein a first portion of the 
memory core is accessible through the first Set of interface 
connections and a Second portion of the memory core is 
accessible through the Second Set of interface connections, 
and a second mode wherein both the first portion and the 
Second portion of the memory core are accessible through 
the first Set of interface connections. The memory controller 
provides memory acceSS Signals to the memory module for 
Selecting between the first mode and the Second mode. 

In accordance with other aspects of this exemplary 
embodiment of the present invention, the memory controller 
may include a first data port and a Second data port for 
providing access to the memory module, wherein the first 
data port is connected to the first Set of interface connections 
for providing access between the memory controller and the 
memory module. If Such is the case, the memory System may 
further comprise a continuity module connected to the 
Second data port and the Second set of interface connections 
for providing access between the memory controller and the 
memory module. 

In accordance with further aspects of this exemplary 
embodiment of the present invention, the memory module 
may be a first memory module having a first memory 
component with a first memory core and first access 
circuitry, wherein the memory controller includes a first data 
port and a Second data port, and wherein the first data port 
is connected to the first Set of interface connections for 
providing access between the memory controller and the 
first memory module. If Such is the case, the memory System 
may further comprise a Second memory module having a 
Second memory component having a Second memory core 
for Storing data therein, a third Set of interface connections 
for providing access to the Second memory core, a fourth Set 
of interface connections for providing access to the Second 
memory core, and Second access circuitry for Selecting 
between a first mode wherein a first portion of the second 
memory core is accessible through the third set of interface 
connections and a Second portion of the Second memory 
core is accessible through the fourth Set of interface 
connections, and a Second mode wherein both the first 
portion and the Second portion of the Second memory core 
are accessible through the third set of interface connections. 
Also, if Such is the case, the Second data port is beneficially 
connected to the third Set of interface connections for 
providing access between the memory controller and the 
Second memory module, and the Second Set of interface 
connections is beneficially connected to the fourth Set of 
interface connections for providing access between the first 
memory module and the Second memory module. 

In accordance with Still further aspects of this exemplary 
embodiment of the present invention, the memory module 
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8 
may be a first memory module having a first memory 
component with a first memory core and first access 
circuitry, wherein the memory controller includes a first data 
port, a Second data port, and a third data port, and wherein 
the first data port is connected to the first Set of interface 
connections for providing access between the memory con 
troller and the first memory module. If such is the case, the 
memory System may further comprise a Second memory 
module and a third memory module. The Second memory 
module preferably has a Second memory component having 
a Second memory core for Storing data therein, a third Set of 
interface connections for providing access to the Second 
memory core, a fourth Set of interface connections for 
providing access to the Second memory core, and Second 
access circuitry for Selecting between a first mode wherein 
a first portion of the Second memory core is accessible 
through the third Set of interface connections and a Second 
portion of the Second memory core is accessible through the 
fourth Set of interface connections, and a Second mode 
wherein both the first portion and the second portion of the 
Second memory core are accessible through the third set of 
interface connections. The third memory module preferably 
has a third memory component having a third memory core 
for Storing data therein, a fifth Set of interface connections 
for providing access to the third memory core, a sixth Set of 
interface connections for providing access to the third 
memory core, and third access circuitry for Selecting 
between a first mode wherein a first portion of the third 
memory core is accessible through the fifth Set of interface 
connections and a Second portion of the third memory core 
is accessible through the Sixth Set of interface connections, 
and a second mode wherein both the first portion and the 
Second portion of the third memory core are accessible 
through the fifth Set of interface connections. Also, if Such is 
the case, the third data port is beneficially connected to the 
Sixth set of interface connections for providing access 
between the memory controller and the third memory 
module, the Second Set of interface connections is benefi 
cially connected to the third Set of interface connections for 
providing access between the first memory module and the 
Second memory module, and the fourth Set of interface 
connections is beneficially connected to the fifth set of 
interface connections for providing acceSS between the 
Second memory module and the third memory module. 

In accordance with Still further aspects of this exemplary 
embodiment of the present invention, the memory module 
may be a first memory module having a first memory 
component with a first memory core and first access 
circuitry, wherein the memory controller includes a first data 
port, a Second data port, and a third data port, wherein the 
first data port is connected to the first Set of interface 
connections for providing access between the memory con 
troller and the first memory module, and wherein the Second 
data port is connected to the Second set of interface con 
nections for also providing access between the memory 
controller and the first memory module. If Such is the case, 
the memory System may further comprise a Second memory 
module having a Second memory component having a 
Second memory core for Storing data therein, a third set of 
interface connections for providing access to the Second 
memory core, a fourth Set of interface connections for 
providing access to the Second memory core, and Second 
access circuitry for Selecting between a first mode wherein 
a first portion of the Second memory core is accessible 
through the third Set of interface connections and a Second 
portion of the Second memory core is accessible through the 
fourth Set of interface connections, and a Second mode 
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wherein both the first portion and the second portion of the 
Second memory core are accessible through the third set of 
interface connections. Also, if Such is the case, the third data 
port is beneficially connected to the third set of interface 
connections for providing access between the memory con 
troller and the Second memory module. 

In another exemplary embodiment, the techniques are 
realized through a memory System comprising a memory 
module and a memory controller. The memory module 
comprises at least one memory component for providing 
memory Storage locations for Storing data therein, a first Set 
of interface connections for providing access to at least Some 
of the memory Storage locations, and a Second Set of 
interface connections for providing access to at least Some of 
the memory Storage locations. The memory module also 
comprises access circuitry for Selecting between a first mode 
wherein a first group of the memory Storage locations is 
accessible through the first Set of interface connections and 
a Second group of memory Storage locations is accessible 
through the Second Set of interface connections, and a 
Second mode wherein both the first group and the Second 
group of memory Storage locations are accessible through 
the first Set of interface connections. The memory controller 
provides memory acceSS Signals to the memory module for 
Selecting between the first mode and the Second mode. 

In accordance with other aspects of this exemplary 
embodiment of the present invention, the memory controller 
may include a first data port and a Second data port for 
providing access to the memory module, wherein the first 
data port is connected to the first Set of interface connections 
for providing access between the memory controller and the 
memory module. If Such is the case, the memory System may 
further comprise a continuity module connected to the 
Second data port and the Second set of interface connections 
for providing access between the memory controller and the 
memory module. 

In accordance with further aspects of this exemplary 
embodiment of the present invention, the memory module 
may be a first memory module having at least one first 
memory component for providing first memory Storage 
locations and first access circuitry, wherein the memory 
controller includes a first data port and a Second data port, 
and wherein the first data port is connected to the first Set of 
interface connections for providing acceSS between the 
memory controller and the first memory module. If such is 
the case, the memory System may further comprise a Second 
memory module having at least one Second memory com 
ponent for providing Second memory Storage locations for 
Storing data therein, a third Set of interface connections for 
providing access to at least Some of the Second memory 
Storage locations, a fourth Set of interface connections for 
providing access to at least Some of the Second memory 
Storage locations, and Second access circuitry for Selecting 
between a first mode wherein a first group of the Second 
memory Storage locations is accessible through the third Set 
of interface connections and a Second group of the Second 
memory Storage locations is accessible through the fourth 
Set of interface connections, and a Second mode wherein 
both the first group and the Second group of the Second 
memory Storage locations are accessible through the third 
Set of interface connections. Also, if Such is the case, the 
Second data port is beneficially connected to the third set of 
interface connections for providing acceSS between the 
memory controller and the Second memory module, and the 
Second Set of interface connections is beneficially connected 
to the fourth Set of interface connections for providing 
access between the first memory module and the Second 
memory module. 
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In accordance with Still further aspects of this exemplary 

embodiment of the present invention, the memory module 
may be a first memory module having at least one first 
memory component for providing first memory Storage 
locations and first access circuitry, wherein the memory 
controller includes a first data port, a Second data port, and 
a third data port, and wherein the first data port is connected 
to the first Set of interface connections for providing access 
between the memory controller and the first memory mod 
ule. If Such is the case, the memory System may further 
comprise a Second memory module and a third memory 
module. The Second memory module preferably has at least 
one Second memory component for providing Second 
memory Storage locations for Storing data therein, a third Set 
of interface connections for providing access to at least Some 
of the Second memory Storage locations, a fourth Set of 
interface connections for providing access to at least Some of 
the Second memory Storage locations, and Second access 
circuitry for Selecting between a first mode wherein a first 
group of the Second memory Storage locations is accessible 
through the third Set of interface connections and a Second 
group of the Second memory Storage locations is accessible 
through the fourth Set of interface connections, and a Second 
mode wherein both the first group and the Second group of 
the Second memory Storage locations are accessible through 
the third set of interface connections. The third memory 
module preferably has at least one third memory component 
for providing third memory Storage locations for Storing data 
therein, a fifth set of interface connections for providing 
access to at least Some of the third memory Storage 
locations, a Sixth Set of interface connections for providing 
access to at least Some of the third memory storage 
locations, and third access circuitry for Selecting between a 
first mode wherein a first group of the third memory Storage 
locations is accessible through the fifth Set of interface 
connections and a Second group of the third memory Storage 
locations is accessible through the Sixth set of interface 
connections, and a Second mode wherein both the first group 
and the Second group of the third memory Storage locations 
are accessible through the fifth Set of interface connections. 
Also, if Such is the case, the third data port is beneficially 
connected to the Sixth Set of interface connections for 
providing access between the memory controller and the 
third memory module, the Second Set of interface connec 
tions is beneficially connected to the third set of interface 
connections for providing access between the first memory 
module and the Second memory module, and the fourth Set 
of interface connections is beneficially connected to the fifth 
Set of interface connections for providing access between the 
Second memory module and the third memory module. 

In accordance with Still further aspects of this exemplary 
embodiment of the present invention, the memory module 
may be a first memory module having at least one first 
memory component for providing first memory Storage 
locations and first access circuitry, wherein the memory 
controller includes a first data port, a Second data port, and 
a third data port, wherein the first data port is connected to 
the first Set of interface connections for providing access 
between the memory controller and the first memory 
module, and wherein the Second data port is connected to the 
Second Set of interface connections for also providing access 
between the memory controller and the first memory mod 
ule. If Such is the case, the memory System may further 
comprise a Second memory module having at least one 
Second memory component for providing Second memory 
Storage locations for Storing data therein, a third Set of 
interface connections for providing access to at least Some of 
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the Second memory Storage locations, a fourth Set of inter 
face connections for providing access to at least Some of the 
Second memory Storage locations, and Second access cir 
cuitry for Selecting between a first mode wherein a first 
group of the Second memory Storage locations is accessible 
through the third Set of interface connections and a Second 
group of the Second memory Storage locations is accessible 
through the fourth Set of interface connections, and a Second 
mode wherein both the first group and the Second group of 
the Second memory Storage locations are accessible through 
the third set of interface connections. Also, if Such is the 
case, the third data port is beneficially connected to the third 
Set of interface connections for providing access between the 
memory controller and the Second memory module. 

In another exemplary embodiment, the techniques are 
realized through a memory System comprising a memory 
controller/module connector having designated active and 
inactive address and data Sites. The memory System also 
comprises a memory controller having a plurality of groups 
of address and data lines, wherein each group of address 
lines is connected to a respective active address Site, and 
wherein each group of data lines is connected to a respective 
active data Site. The memory System further comprises at 
least one memory module having a memory component with 
a memory core for Storing data therein, wherein each 
memory module has a plurality of Sets of address and data 
contacts for providing access to the memory core. Each 
memory module is mated with the memory controller/ 
module connector Such that each Set of address contacts are 
connected to a respective active address Site and each Set of 
data contacts are connected to a respective active data Site. 

In accordance with other aspects of this exemplary 
embodiment of the present invention, the memory controller 
may beneficially include multiplexing circuitry for Steering 
individual address Signals from the plurality of groups of 
address lines to particular active address Sites. 

In accordance with further aspects of this exemplary 
embodiment of the present invention, the plurality of groups 
of data lines are beneficially divided So as to maximize 
bandwidth in the memory system. 

In another exemplary embodiment, the techniques are 
realized through a method for maximizing bandwidth in a 
memory System having a first memory module having a first 
memory capacity. The method comprises adding a Second 
memory module having a Second memory capacity to the 
memory System, wherein the Second memory capacity is 
greater than the first memory capacity. The method also 
comprises removing the first memory module from the 
memory System, thereby preventing a memory capacity 
mismatch between the first and Second memory modules and 
insuring maximum bandwidth in the memory System. 

In accordance with other aspects of this exemplary 
embodiment of the present invention, the method further 
comprises placing the first memory module in a memory 
module receptacle wherein the presence of the first memory 
module may be detected, but access to and from the first 
memory module is not permitted. 

The present invention will now be described in more 
detail with reference to exemplary embodiments thereof as 
shown in the appended drawings. While the present inven 
tion is described below with reference to preferred 
embodiments, it should be understood that the present 
invention is not limited thereto. Those of ordinary skill in the 
art having access to the teachings herein will recognize 
additional implementations, modifications, and 
embodiments, as well as other fields of use, which are within 
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12 
the Scope of the present invention as disclosed and claimed 
herein, and with respect to which the present invention could 
be of Significant utility. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In order to facilitate a fuller understanding of the =present 
invention, reference is now made to the appended drawings. 
These drawings should not be construed as limiting the 
present invention, but are intended to be exemplary only. 

FIG. 1A shows a memory system with one memory 
module connected to a first port of a memory controller. 

FIG. 1B shows a memory system with a first memory 
module connected to a first port of a memory controller, and 
a Second memory module connected to a Second port of the 
memory controller. 
FIG.2 shows the internal detail of the memory component 

(MEM) that is used in the memory modules of FIG. 1. 
FIG. 3A illustrates an exclusive port-per-module memory 

System having a first memory module of memory capacity 
“1x'only. 

FIG. 3B illustrates an exclusive port-per-module memory 
System having a first memory module and a Second memory 
module with memory capacities of “1x/“1x”, respectively. 
FIG.3C illustrates an exclusive port-per-module memory 

System having a first memory module and a Second memory 
module with memory capacities of “1x”/"2x”, respectively. 

FIG. 3D illustrates an exclusive port-per-module memory 
System having a first memory module and a Second memory 
module with memory capacities of “1x”/"4x”, respectively. 

FIG. 3E illustrates an exclusive port-per-module memory 
System having a first memory module and a Second memory 
module with memory capacities of “1x”/"8x”, respectively. 

FIG. 4A illustrates an independent port-per-module 
memory System having a first memory module of memory 
capacity “1X” only. 

FIG. 4B illustrates an independent port-per-module 
memory System having a first memory module and a Second 
memory module with memory capacities of “1x'/“1X', 
respectively. 

FIG. 4C illustrates an independent port-per-module 
memory System having a first memory module and a Second 
memory module with memory capacities of “1X"/"2x', 
respectively. 

FIG. 4-D illustrates an independent port-per-module 
memory System having a first memory module and a Second 
memory module with memory capacities of “1x'/'4x', 
respectively. 

FIG. 4E illustrates an independent port-per-module 
memory System having a first memory module and a Second 
memory module with memory capacities of “1x'/“8x', 
respectively. 

FIG. 5A illustrates a lockstep port-per-module memory 
System having a first memory module of memory capacity 
“1X” only. 

FIG. 5B illustrates a lockstep port-per-module memory 
System having a first memory module and a Second memory 
module with memory capacities of “1x/“1x”, respectively. 

FIG. 5C illustrates a lockstep port-per-module memory 
System having a first memory module and a Second memory 
module with memory capacities of “1x”/"2x”, respectively. 

FIG. 5D illustrates a lockstep port-per-module memory 
System having a first memory module and a Second memory 
module with memory capacities of “1x”/"4x”, respectively. 

FIG. 5E illustrates a lockstep port-per-module memory 
System having a first memory module and a Second memory 
module with memory capacities of “1x/“8x”, respectively. 
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FIG. 6A shows a first asymmetric port memory system 
having a first memory module in accordance with the 
present invention. 

FIG. 6B shows a second asymmetric port memory system 
having first and Second memory modules in accordance with 
the present invention. 

FIG. 7 shows the internal detail of the memory component 
(MEM) that is used in the memory modules of FIG. 6. 

FIG. 8A illustrates an asymmetric port memory system 
having a memory module of memory capacity “1X” in 
accordance with the present invention. 

FIG. 8B illustrates an asymmetric port memory system 
having a first memory module and a Second memory module 
with memory capacities of “1X"/"1X', respectively, in accor 
dance with the present invention. 

FIG. 8C illustrates an asymmetric port memory system 
having a first memory module and a Second memory module 
with memory capacities of "2X/“1X', respectively, in accor 
dance with the present invention. 

FIG. 8D illustrates an asymmetric port memory system 
having a first memory module and a Second memory module 
with memory capacities of “4x”/"1X', respectively, in accor 
dance with the present invention. 

FIG. 8E illustrates an asymmetric port memory system 
having a first memory module and a Second memory module 
with memory capacities of “8x'/“1x”, respectively, in accor 
dance with the present invention. 

FIG. 9 illustrates how the memory spaces of the “8x”/ 
“1x’ memory modules of FIG. 8E are combined by the 
memory controller of FIG.8E in accordance with the present 
invention. 

FIG. 10 is a table showing multiplexer path selections for 
the memory component (MEM) of FIG. 7. 

FIG. 11 is a table showing multiplexer path selections for 
the memory controller of FIGS. 6, 8, and 9. 

FIG. 12 is a table showing Specific examples of address 
modification by the memory controller of FIGS. 6, 8, and 9. 

FIG. 13 Ashows a first bypassport memory system having 
a first memory module and a continuity module in accor 
dance with the present invention. 

FIG. 13B shows a second bypass port memory system 
having first and Second memory modules in accordance with 
the present invention. 

FIG. 13C shows a third bypass port memory system 
having first, Second, and third memory modules in accor 
dance with the present invention. 

FIG. 14 shows the internal detail of the memory compo 
nent (MEM) that is used in the memory modules of FIG. 13. 

FIG. 15A illustrates a bypass port memory system having 
a memory module of memory capacity “1X' and a continuity 
module in accordance with the present invention. 

FIG. 15B illustrates a bypass port memory system having 
a first memory module and a Second memory module with 
memory capacities of “1X"/"1X', respectively, in accordance 
with the present invention. 

FIG. 15C illustrates a bypass port memory system having 
a first memory module and a Second memory module with 
memory capacities of “1X"/"2x”, respectively, in accordance 
with the present invention. 

FIG. 15D illustrates a bypassport memory system having 
a first memory module and a Second memory module with 
memory capacities of “1X'/'4x”, respectively, in accordance 
with the present invention. 

FIG. 15E illustrates a bypass port memory system having 
a first memory module and a Second memory module with 

15 

25 

35 

40 

45 

50 

55 

60 

65 

14 
memory capacities of “1X"/"8x”, respectively, in accordance 
with the present invention. 

FIG. 16 shows a fractional port memory System in accor 
dance with the present invention. 

FIG. 17 shows a fractional port memory system having a 
modified memory controller for providing address Steering 
in accordance with the present invention. 

FIG. 18 shows a fractional port memory system having a 
first memory module and a Second memory module with 
memory capacities of “1X'/'4x”, respectively, in accordance 
with the present invention. 

FIG. 19 shows an extra memory controller port memory 
System in accordance with the present invention. 

FIG. 20 illustrates how performance does not diminish 
when memory is added to the extra memory controller port 
memory system of FIG. 19 in accordance with the present 
invention. 

FIG.21 shows a hybrid memory system which allows for 
Switching between memory module access modes in accor 
dance with the present invention. 

DETAILED DESCRIPTION OF EXEMPLARY 

EMBODIMENT(S) 
Referring to FIG. 6A, there is shown a first asymmetric 

port memory system 150 in accordance with the present 
invention. The asymmetric port memory system 150 com 
prises a memory controller 152 having a first port (Port 1a) 
154, a second port (Port 1b) 156, and a third port (Port 2) 
158, all of equal size. The asymmetric port memory system 
150 also comprises a first memory module 160 connected to 
both the first port (Port 1a) 154 and the second port (Port1b) 
156 of the memory controller 152. 

Referring to FIG. 6B, there is shown a second asymmetric 
port memory system 170 in accordance with the present 
invention. The asymmetric port memory system 170 com 
prises the memory controller 152 having the first port (Port 
1a) 154, the second port (Port 1b) 156, and the third port 
(Port 2) 158, all of equal size. The asymmetric port memory 
system 170 also comprises the first memory module 160 
connected to both the first port (Port 1a) 154 and the second 
port (Port 1b) 156 of the memory controller 152, as well as 
a second memory module 172 connected to the third port 
(Port 2) 158 of the memory controller 152. 
The memory modules 160 and 172 in FIGS. 6A and 6B 

are divided into ranks (rows) of memory components 
(MEM) 174. The number of ranks is denoted NR; and may 
vary from module to module. 
The memory modules 160 and 172 in FIGS. 6A and 6B 

are also divided into slices (columns) of memory compo 
nents (MEM) 174. The number of slices is denoted N, and 
may also vary from module to module. However, the num 
ber of Slices N times the number of data-type Signals per 
slice N is a constant (N=N*N), determined by the 
number of data-type signals at a memory controller port 
Ndo. 
AS described above, the notion of "slice' is used to 

distinguish address-type Signals “A” from data-type signals 
“QD”. The data-type signals (QD) from a slice of a memory 
controller port are only connected to a corresponding Slice of 
each rank of memory components in a memory module. The 
address-type signals (A) are connected to all slices of each 
rank of memory components in a memory module. The 
address-type signals (A) can usually fan-out to more 
memory components than can data-type signals for Several 
reasons including: 1) the signaling rate of address-type 
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Signals (A) is typically lower than data-type signals, and 2 
address-type signals (A) are typically unidirectional 
(flowing from memory controller to memory components) 
and data-type signals (QD) are typically bi-directional 
(flowing in one direction at one time and flowing in the 
opposite direction at another time). 

In addition to memory components (MEM) 174, each 
memory module 160 and 172 also contains some form of 
termination structure (T) 176 at the end of each signal wire. 
This is typically Some Sort of resistor component, and is 
typically required due to high Signaling rates in a memory 
System. 

Each memory component (MEM) 174 has two data bus 
ports denoted QDX and QDy. These ports are operated in two 
different modes. In a first mode, Some of the Storage loca 
tions in the memory component (MEM) 174 are accessible 
through a QDX data bus formed on the memory modules 160 
and 172, and the remaining Storage locations in the memory 
component (MEM) 174 are accessible through a QDy data 
bus formed on the memory modules 160 and 172. In a 
Second mode, all the Storage locations in the memory 
component (MEM) 174 are accessible through the QDx data 
bus, and the QDy data bus is unused. 

Typically, in the first mode, exactly half of the Storage 
locations in the memory component (MEM) 174 are acces 
sible through a QDX data bus formed on the memory 
modules 160 and 172, and the other half of the storage 
locations in the memory component (MEM) 174 are acces 
sible through a QDy data bus formed on the memory 
modules 160 and 172. 

Thus, in the asymmetric port memory system 150 of FIG. 
6A, wherein the first memory module 160 is connected to 
both the first port (Port 1a) 154 and the second port (Port1b) 
156 of the memory controller 152 through the QDX data bus 
and the QDy data bus, respectively, the memory components 
(MEM) 174 in the first memory module 160 are operated in 
the first mode with half of the storage locations in the 
memory components (MEM) 174 accessible through the 
QDX data bus and the other half of the storage locations in 
the memory component (MEM) 174 accessible through the 
QDy data bus. It should be noted, however, that the memory 
components (MEM) 174 in the first memory module 160 
may also be operated in the Second mode with all of the 
Storage locations accessible through the QDX data bus, and 
the QDy data bus is unused. 

The asymmetric port memory system 170 of FIG. 6B is 
similar to the asymmetric port memory system 150 of FIG. 
6A in that the first memory module 160 is connected to both 
the first port (Port 1a) 154 and the second port (Port 1b) 156 
of the memory controller 152 through the QDX data bus and 
the QDy data bus, respectively. Thus, the memory compo 
nents (MEM) 174 in the first memory module 160 in the 
asymmetric port memory system 170 of FIG. 6B may be 
configured similarly to the memory components (MEM) 174 
in the first memory module 160 in the asymmetric port 
memory system 150 of FIG. 6A. That is, the memory 
components (MEM) 174 in the first memory module 160 in 
the asymmetric port memory system 170 of FIG. 6B are 
operated in the first mode with half of the Storage locations 
in the memory components (MEM) 174 accessible through 
the QDX data bus and the other half of the storage locations 
in the memory component (MEM) 174 accessible through 
the QDy data bus. However, as with the asymmetric port 
memory system 150 of FIG. 6A, it should be noted that the 
memory components (MEM) 174 in the first memory mod 
ule 160 in the asymmetric port memory system 170 of FIG. 
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6B may also be operated in the second mode with all of the 
Storage locations accessible through the QDX data bus, and 
the QDy data bus is unused. 
The asymmetric port memory system 170 of FIG. 6B 

differs from the asymmetric port memory system 150 of 
FIG. 6A in that the asymmetric port memory system 170 of 
FIG. 6B has the second memory module 172 connected to 
the third port (Port 2) 158 of the memory controller 152 
through the QDX data bus. Thus, the memory components 
(MEM) 174 in the second memory module 172 are operated 
in the Second mode with all of the Storage locations acces 
sible through the QDX data bus, and the QDy data bus is 
unused. 

Referring to FIG. 7, the internal detail of the memory 
component (MEM) 174 is shown in accordance with the 
present invention. The memory component (MEM) 174 is 
actually a modified version of the memory component 
(MEM) 32 shown in FIG. 2, thus common reference desig 
nators are used where applicable. For example, Similar to the 
memory component (MEM) 32 of FIG. 2, the memory 
component (MEM) 174 of FIG. 7 includes row decode 
blocks 36, column decode blocks 38, row drivers 40, mul 
tiplexers 44, and demultiplexers 46 and 48. 
The memory component (MEM) 32 of FIG. 2 is modified 

in several aspects to allow the memory component (MEM) 
174 of FIG. 7 to be used in the asymmetric port memory 
systems 150 and 170 of FIGS. 6A and 6B. First, the 
definition of “Nc' is changed so that twice as many bits are 
accessed from column Sense amplifiers 178 in a column 
operation (read or write). This is accomplished by changing 
the size of a bank of memory core 180 from “2* 
2^*M*N" to 2^{2^*2*M*N", wherein Nc-Nc+1. 

Also, there are two sets of read and write data buses 
labeled “Q1”, “Q0”, “D1", and “D0", each “M*N" bits in 
width. There are also two sets of mask buses labeled “DM1' 
and “DM0', each “M*Ndm' bits in width. 

Furthermore, there are three multiplexers 182 which 
allow the read and write data buses and mask buses to be 
steered to and from external buses “OY”, “OX”, “DY', and 
“DX', which include external read and write data buses that 
are “Ndq” bits in width and external mask buses that are 
“Ndm' bits in width. It should be noted that the external read 
and write data buses and the external mask buses may be 
combined into Sets of bi-directional data buses, including 
corresponding unidirectional mask buses. These buses are 
shown separately in FIG. 7 for purposes of descriptive 
clarity, but are shown combined together in the asymmetric 
port memory systems 150 and 170 of FIGS. 6A and 6B. 
The three multiplexers 182 are controlled by the A and 

the Config Signals. The A signal serves as a low-order 
column address bit, Since the number of A Signals have 
been reduced by one (i.e., Nc-Nc-1). The Config signals 
indicate which mode the memory component (MEM) 174 is 
to be operated in (i.e., whether both the QDX and QDYports 
are used or just the QDX port is used). The A signal and 
the Config signals are decoded by a decoder 184. The table 
of FIG. 10 shows how the A signal and the Config Signals 
are used to control access to the memory component (MEM) 
174. That is, how the Q1 and Q0 buses are steered to the OY 
and OXbuses, and how the DY and DXbuses are steered to 
the D1 and DO buses. 

It is important to note that the memory component 
(MEM) 174 uses a single-port memory core 180. That is, the 
memory core 180 is only capable of performing a single 
column access (read or write transfer) at a time. However, 
the accesses to/from the memory component (MEM) 174 of 
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FIG. 7 are potentially twice as wide as the accesses to/from 
the memory component (MEM) 32 of FIG. 2. The multi 
plexers 182 and the decode logic 184 that is added between 
the memory core 180 and the memory interface logic 44-48 
is all that is needed to allow the memory component (MEM) 
174 to be configurable in the different modes described 
above with reference to the asymmetric port memory Sys 
tems 150 and 170 of FIGS. 6A and 6B. 

It is also important to note that each memory component 
(MEM) 174 must be able to provide access to some storage 
locations from two different sets of data pins. This is 
accomplished by adding the multiplexers 182 and the 
decode logic 184 between the memory core 180 and the 
memory interface logic 44-48, as previously described. 
However, the multiplexers 182 and the decode logic 184 
could also be (alternatively) added to the memory modules, 
thereby allowing Standard memory components (with a 
Single data bus) to be used. 

Referring to FIG. 8, there are shown five examples of 
asymmetric port memory Systems in accordance with the 
present invention. More particularly, FIG. 8A shows the 
memory controller 152 with a first memory module 190 of 
capacity “1X' (similar to the asymmetric port memory 
system 150 of FIG. 6A); FIG. 8B shows the memory 
controller 152 with the first memory module 190 and a 
second memory module 192 with memory capacities of 
“1x”/"1x”, respectively (similar to the asymmetric port 
memory system 170 of FIG. 6B); FIG. 8C shows the 
memory controller 152 with a first memory module 194 and 
the second memory module 192 with memory capacities of 
“2x”/"1x”, respectively (similar to the asymmetric port 
memory system 170 of FIG. 6B); FIG. 8D shows the 
memory controller 152 with a first memory module 196 and 
the second memory module 192 with memory capacities of 
“4x”/"1x”, respectively (similar to the asymmetric port 
memory system 170 of FIG. 6B); and FIG. 8E shows the 
memory controller 152 with a first memory module 198 and 
the second memory module 192 with memory capacities of 
“8x”/"1x”, respectively (similar to the asymmetric port 
memory system 170 of FIG. 6B). 

In each example, the memory controller 152 comprises a 
pair of read data multiplexers 200, a write data multiplexer 
202, and a pair of write data drivers 204 that steer data on 
the QD1X, QD1y, and OD2 buses to/from WX, Rx, Wy, and 
Rybuses that connect to the rest of the system. The memory 
controller 152 also comprises address decode logic 206 for 
controlling access to the memory modules and controlling 
the states of the multiplexers. The table of FIG. 11 shows the 
multiplexer path Selection Scheme for the memory controller 
152. 

In the example of FIG. 8E with the “8x”/“1x” memory 
modules, the “1x” memory module 192 occupies 2 words 
and the “8x” memory module 198 occupies 2" words 
(2' double-words). That is, the two pieces of the 1X 
memory module (S1 and S2) 192 are effectively moved to 
positions D1 and D2 at the top of the 8X memory module 198 
address space. The two pieces of the 8X memory module (S0 
and S3) 198 are effectively moved to new positions D0 and 
D3 at the top of the 8X memory module 198 address space. 
A similar remapping of the memory pieces is performed 

for the other two-memory module combinations shown. AS 
a result, there is constant, balanced data bandwidth available 
on the WX/RX and Wy/Ry data buses that connect to the rest 
of the system. This is true regardless of whether there is a 
Single memory module in the System, or there is any 
combination of two memory modules in the System. 
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It is important to note that in the asymmetric port memory 

systems of FIG. 8, three ports are present on the memory 
controller 152, but only two ports of bandwidth is available 
inside the memory controller 152. While this scheme obvi 
ously results in a waste of Some bandwidth, this Scheme is 
Still a better than the exclusive port-per-module memory 
systems of FIG. 3, wherein two ports are present on the 
memory controller 50, but only one port of bandwidth is 
available inside the memory controller 50. Moreover, the 
asymmetric port memory systems of FIG.8 provide constant 
bandwidth for any combination of memory modules that are 
present, unlike the independent port-per-module memory 
Systems of FIG. 4 and the lockStep port-per-module memory 
systems of FIG. 5, wherein two ports are present on the 
memory controllers 74 and 96, but only one port of band 
width is available over part of the address Space. 

Referring to FIG. 9, there is shown an illustration of how 
the memory spaces of the “8x'/“1x’ memory modules 198 
and 192, respectively, are combined by the memory con 
troller 152 in the example of FIG. 8E. As shown in FIGS. 
6B, 8E and 9, the “8x” memory module 198 is attached to 
ports 1a and 1b of the memory controller 152, and the “1x” 
memory module 192 is attached to port 2 of the memory 
controller 152. The memory space of the “8x memory 
module 198 is comprised of sixteen pieces, each 2'' 
words in size, each word comprised of ND bits. A first eight 
of the Sixteen pieces are connected to port 1a (OD1X) and a 
Second eight of the Sixteen pieces are connected to port 1b 
(QD1y). One of each set of eight pieces is selected by 
address signals {A1NA+1),A1(NA),A1NA-1)}. A word 
from a selected piece is selected by address signals {A1 
NA-2). . . . , A10)}. 
The memory space of the “1x” module 192 is comprised 

of two pieces, each 2'' words in size, each word com 
prised of ND bits. Both of the two pieces are connected to 
port 2 (QD2). Each of the two pieces is selected by address 
signal {A2 NA-1)}. A word from a selected piece is 
Selected by address signals {A2 NA-2). . . . , A2 O}. 
The memory controller 152 receives an address {ANA+ 

2,..., A10) from a memory request Source (not shown) 
(e.g., central processing unit, graphics unit, I/O unit, etc). 
The field {ANA-2),..., AO} is passed directly to address 
signals {A1NA-2), ..., A10 and A2INA-2), . . . , 
A20)} without modification (this portion of the address 
selects a word from within one of the 18 pieces of memory 
space). Address signals {ANA+2), ANA+1), ANAA 
NA-1} are modified to give address signals {A1NA+1), 
A1 NAA1NA-1} and A2 NA-1}. 
The table of FIG. 12 shows specific examples of the 

above-described address modification scheme by the 
memory controller 152, while FIG. 9 conceptually shows 
how the above-described address modification scheme by 
the memory controller 152 operates in the asymmetric port 
memory system of FIG. 8E. That is, fourteen of the sixteen 
pieces from the “8x’ memory module 198 are placed in the 
first fourteen slots (ANA+2)ANA+1)ANAANA-1 
}=0000 through 0110) of address space {ANA+2). . . , 
A10)}. One piece from the “8x” memory module 198 and 
one piece from the “1x’ memory module 192 are placed in 
the next two slots (ANA+2)ANA+1)ANAANA-1 
}=0111). The remaining piece from the “8x” memory mod 
ule 198 and the remaining piece from the “1x’ memory 
module are placed in the final two slots ({ANA+2)ANA+ 
1)ANAANA-1)}=1000). 
The result of mapping the two address Spaces into one is 

that two data words may always be accessed simultaneously 
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throughout the ANA+2), ... A10 address space. This 
Same address Space mapping may be adapted to two memory 
modules of any size, permitting a memory upgrade without 
lowering the performance of the upgraded System. 

Referring to FIGS. 10-12, there are shown the three 
previously mentioned tables which specify how the multi 
plexers 200 and 202 of the memory controller 152 and the 
multiplexers 182 of the memory components (MEM) 174 
are configured across the address space for the “8x'/“1x” 
memory modules in the asymmetric port memory System of 
example of FIG. 8E. 

FIG. 10 shows how the Qy and QX read data buses are 
driven from the Q1 and Q0 buses from inside the memory 
components (MEM) 174, and how the Dy and DX write data 
buses drive the D1 and D0 buses inside the memory com 
ponents (MEM) 174. There are five cases shown that are 
determined by the value of Config 1:0 and AO Signals 
for the memory component (MEM) 174. Note that other 
mappings that produce the Same benefit are also possible. 
The mapping that is shown is simply an example. 

FIG. 11 shows how the Ry and RX read data buses are 
driven from the QD1X, QD1y and OD2 buses from the 
memory modules 192 and 198, and how the Wy and WX 
write data buses drive the QD1X, QD1y and OD2 buses to 
the memory modules 192 and 198. There are three cases 
shown that are determined by the value of the {ANA+2), 
ANA+1)ANAANA-1} address signals. Note that 
other mappings that produce the same benefit are also 
possible. The mapping that is shown is a simply an example. 

FIG. 12 shows the values driven onto the Config 1:0, 
AO), and {A1NA+2A1NA+1)A1NAA1NA-1)} 
signals for the memory components (MEM) 174 of the “8x” 
memory module 198 connected to ports 1x/1y and the 
Config 1:0), AO), and A2INA+2A2INA+1)A2INA), 
A2INA-1} signals for the memory components (MEM) 
174 of the “1x’ memory module 192 connected to port 2. 
There are three cases shown that are determined by the value 
of the ANA+2)ANA+1)ANAANA-1} address sig 
nals. Note that other mappings that produce the same benefit 
are also possible. The mapping that is shown is a Simply an 
example. 

The above-described asymmetric port memory System 
concepts can be extended to include other combinations of 
port Sizes. That is, the above examples assume one port of 
Size 2 and a Second port of size 1. However, it is also 
possible to use a combination of 4 and 1, or 8 and 1, or any 
other combination. These other combinations might make a 
better tradeoff of unused controller pins and module con 
figurations that are Supported. Also, it is not necessary that 
the port sizes be limited to power-of-two pin counts. For 
example, Some Systems may be able to utilize asymmetric 
ports whose relative size is given by the ratio of any two 
integers. 

Referring to FIG. 13A, there is shown a first bypass port 
memory System 210 in accordance with the present invent 
ion. The bypass port memory System 210 comprises a 
memory controller 212 having a first port (Port 1) 214 and 
a second port (Port 2) 216, both of equal size. The bypass 
port memory System 210 also comprises a first memory 
module 218 connected to the first port (Port 1) 214 of the 
memory controller 212, and a continuity module 220 con 
nected to the second port (Port 2) 216 of the memory 
controller 212. The first memory module 218 and the 
continuity module 220 are also connected to each other, as 
described in detail below. 

Referring to FIG. 13B, there is shown a second bypass 
port memory System 230 in accordance with the present 
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invention. The bypass port memory system 230 comprises 
the memory controller 212 having the first port (Port 1) 214 
and the second port (Port 2) 216, both of equal size. The 
bypass port memory System 210 also comprises the first 
memory module 218 connected to the first port (Port 1) 214 
of the memory controller 212, and a Second memory module 
232 connected to the second port (Port 2) 216 of the memory 
controller 212. The first memory module 218 and the second 
memory module 232 are also connected to each other, as 
described in detail below. 

Similar to the memory modules 160 and 172 in FIGS. 6A 
and 6B, the memory modules 218 and 232 in FIGS. 13A and 
13B are divided into ranks (rows) of memory components 
(MEM) 234. The number of ranks is denoted NR, and may 
vary from module to module. 

Also similar to memory modules 160 and 172 in FIGS. 6A 
and 6B, the memory modules 218 and 232 in FIGS. 13A and 
13B are also divided into slices (columns) of memory 
components (MEM) 234. The number of slices is denoted 
N, and may also vary from module to module. However, the 
number of Slices N times the number of data-type signals 
per slice N is a constant (N=N*N), determined by 
the number of data-type Signals at a memory controller port 
Ndo. 
AS described above, the notion of "slice' is used to 

distinguish address-type Signals “A” from data-type signals 
“QD”. The data-type signals (QD) from a slice of a memory 
controller port are only connected to a corresponding Slice of 
each rank of memory components in a memory module. The 
address-type signals (A) are connected to all slices of each 
rank of memory components in a memory module. The 
address-type signals (A) can usually fan-out to more 
memory components than can data-type signals for Several 
reasons including: 1) the signaling rate of address-type 
Signals (A) is typically lower than data-type signals, and 2 
address-type signals (A) are typically unidirectional 
(flowing from memory controller to memory components) 
and data-type signals (QD) are typically bi-directional 
(flowing in one direction at one time and flowing in the 
opposite direction at another time). 

In addition to memory components (MEM) 234, each 
memory module 218 and 232 also contains some form of 
termination structure (T) 236 at the end of each signal wire. 
This is typically Some Sort of resistor component, and is 
typically required due to high Signaling rates in a memory 
System. 
Each memory component (MEM) 234 has two data bus 

ports denoted QDX and QDy. These ports are operated in two 
different modes. In a first mode, half the Storage locations in 
the memory component (MEM) 234 are accessible through 
a QDX data bus formed on the memory modules 218 and 
232, and the other half of the storage locations in the 
memory component (MEM) 234 are accessible through a 
QDy data bus formed on the memory modules 218 and 232. 
In a Second mode, all the Storage locations in the memory 
component (MEM) 234 are accessible through the QDx data 
bus, and the QDy data bus is unused. 

Thus, in the bypassport memory system 210 of FIG. 13A, 
wherein the first memory module 218 is connected to both 
the first port (Port 1) 214 of the memory controller 212 
through the QDX data bus and the second port (Port 2) 216 
of the memory controller 212 through the QDy data bus (by 
way of the continuity module 220), the memory components 
(MEM) 234 in the first memory module 218 are operated in 
the first mode with half of the storage locations in the 
memory components (MEM) 234 accessible through the 
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QDX data bus and the other half of the storage locations in 
the memory component (MEM) 234 accessible through the 
QDy data bus (by way of the continuity module 220). It 
should be noted, however, that the memory components 
(MEM) 234 in the first memory module 218 may also be 
operated in the Second mode with all of the Storage locations 
accessible through the QDX data bus, and the QDy data bus 
is unused. 

It should be noted that the continuity module 220 does not 
contain any memory components, but rather contains inter 
nal electrical connections between its QDX data bus and its 
QDy data bus. Such internal electrical connections allow the 
QDX data bus of the continuity module 220 to be connected 
to the second port (Port 2) 216 of the memory controller 212, 
and the QDy data bus of the continuity module 220 to be 
connected to the QDy data bus of the first memory module 
218, thereby allowing the second port (Port 2) 216 of the 
memory controller 212 to access the memory components 
(MEM) 234 in the first memory module 218 through the 
QDy data bus. It should be noted that accesses through the 
QDy data bus typically go through a slightly longer wire 
path than accesses through the QDX data bus, and thus logic 
circuitry within the second port (port 2) 216 of the memory 
controller 212 is provided to account for this. 

In the bypass port memory system 230 of FIG. 13B, the 
first memory module 218 is connected to the first port (Port 
1) 214 of the memory controller 212 through the QDX data 
bus of the first memory module 218, and the second memory 
module 232 is connected to the second port (Port 2) 216 of 
the memory controller 212 through the QDX data bus of the 
second memory module 218. Also, the first memory module 
218 is connected to the second memory module 232 through 
the QDy data buses of both the first memory module 218 and 
the Second memory module 232. Thus, the memory com 
ponents (MEM) 234 in the first and second memory modules 
218 and 232 may be operated in the first mode with some of 
the storage locations in the memory components (MEM) 
234 accessible through the QDX data bus and the remaining 
storage locations in the memory component (MEM) 234 
accessible through the QDy data bus, or in the Second mode 
with all of the Storage locations accessible through the QDX 
data bus, and the QDy data bus is unused. 

Typically, in the first mode, exactly half of the Storage 
locations in the memory components (MEM) 234 are acces 
sible through the QDX data bus formed on memory modules 
218, 232, and 244, and the other half of the storage locations 
in the memory components (MEM) 234 accessible through 
the QDy data bus formed on memory modules 218, 232, and 
244. 

Referring to FIG. 14, the internal detail of the memory 
component (MEM) 234 is shown in accordance with the 
present invention. The memory component (MEM) 234 of 
FIG. 14 is similar to the memory component (MEM) 174 of 
FIG. 7, except for the addition of two bypass paths between 
the “OY” and “OX' buses and between the “DX” and “DY” 
buses. That is, a first set of bypass buffering devices 252 
takes information on the “OY” bus and repeats it on the 
“QX' bus during Selected read operations. A Second set of 
bypass buffering devices 254 takes information on the “DX” 
bus and repeats it on the “DY” bus during selected write 
operations. The first and Second Sets of bypass buffer devices 
252 and 254, respectively, are controlled through the Config 
and A. Signals, which are decoded by a decoder 250. The 
Config and A Signals are also used to control the multi 
plexers 182, which, as previously described, enable read and 
write data to be steered to the external buses “OX”, “OY', 
“DX, and “DY”. 
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It should be noted that, as previously described, external 

buses “QX' and “OY" are typically multiplexed with exter 
nal buses “DX” and “DY”. These buses are shown sepa 
rately in FIG. 14 for purposes of descriptive clarity, but are 
shown combined together in the bypass port memory Sys 
tems of FIG. 13. 

It should also be noted that the first and second sets of 
buffer devices 252 and 254, respectively, may alternatively 
be implemented on the other side of the memory interface 
logic 44-48. This would have the benefit of allowing the 
Same output driver to be used for the normal path as well as 
the bypass path, and might have advantages with respect to 
clock-domain crossing issues in the memory component 
(MEM) 234. A disadvantage of this alternative is that the 
bypass path might have Somewhat longer transfer latency 
relative to the configuration shown. 

It should further be noted that the first and second sets of 
bypass buffer devices 252 and 254, respectively, as well as 
the multiplexers 182 and the decode logic 184, may alter 
natively be implemented on the memory modules 218 and 
232, thereby allowing standard memory components (with a 
Single data bus) to be used. 

Referring to FIG. 13C, there is shown a third bypass port 
memory System 240 in accordance with the present inven 
tion. In this third bypass port memory system 240, the 
memory controller 212 has a third port (port 3) 242 and a 
third memory module 244 has been added. The QDX data 
bus of the first memory module 218 is connected to the first 
port (Port 1) 214 of the memory controller 212, the QDy data 
bus of the first memory module 218 is connected to the QDX 
data bus of the second memory module 232, the QDy data 
bus of the second memory module 232 is connected to the 
QDX data bus of the third memory module 244, and the QDy 
data bus of the third memory module 244 is connected to the 
third port (Port 3)242 of the memory controller 212. Thus, 
the Second memory module 232 does not connect directly to 
the memory controller 212, except for an address bus 
connection. However, the Second memory module 232 does 
connect indirectly to the memory controller 212 through a 
connection between the QDX data bus of the second memory 
module 232 and the QDy data bus of the first memory 
module 218 (which is connected to the first port (Port 1) 214 
of the memory controller 212 through a connection with the 
QDx data bus of the first memory module 218), and through 
a connection between the QDy data bus of the second 
memory module 232 and the QDX data bus of the third 
memory module 244 (which is connected to the third port 
(Port 3) 242 of the memory controller 212 through a 
connection with the QDy data bus of the third memory 
module 244). 
The above-described connections require that the first and 

second sets of bypass buffer devices 252 and 254, 
respectively, in the memory component (MEM) 234 be 
made bi-directional rather than unidirectional (as shown in 
FIG. 14). As a result, these connections allow each memory 
module to be accessed at full bandwidth by using the QDX 
data bus transfer data to/form the first port (Port 1) 214 of the 
memory controller 212 and using the QDy data bus to 
transfer data to/from the third port (Port 3) 242 of the 
memory controller 212. This insures that there is uniform 
bandwidth available acroSS the full memory Space, no matter 
how many memory modules are added to the System, and no 
matter what combination of memory module capacities are 
present. 

Referring to FIG. 15, there are shown five examples of 
bypass port memory Systems in accordance with the present 
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invention. More particularly, FIG. 15A shows the memory 
controller 212 with a first memory module 260 of memory 
capacity “1x” and a continuity module 220 (similar to the 
bypass port memory system 210 of FIG. 13A); FIG. 15B 
shows the memory controller 212 with the first memory 
module 260 and a second memory module 262 with memory 
capacities of “1x”/"1x”, respectively (similar to the bypass 
port memory system 230 of FIG. 13B); FIG. 15E shows the 
memory controller 212 with the first memory module 260 
and a Second memory module 264 with memory capacities 
of “1x”/"2x”, respectively (similar to the bypass port 
memory system 230 of FIG. 13B); FIG. 15D shows the 
memory controller 212 with the first memory module 260 
and a Second memory module 266 with memory capacities 
of “1x”/"4x”, the respectively (similar to the bypass port 
memory system 230 of FIG. 13B); and FIG. 15E shows the 
memory controller 212 with the first memory module 260 
and a Second memory module 268 with memory capacities 
of “1x”/"8x”, respectively (similar to the bypass port 
memory system 230 of FIG. 13B). 

In each example, the memory controller 212 comprises a 
pair of write data drivers 272 and a pair of read data drivers 
274 that steer data on the OD1 and OD2 buses to/from WX, 
RX, Wy, and Rybuses that connect to the rest of the system. 
The memory controller 212 also comprises address decode 
logic 270 for controlling access to the memory modules. 

In the example of FIG. 15A with the first memory module 
260 of memory capacity “1x” and the continuity module 
220, the memory space of the first memory module 260 is 
accessed simultaneously through both the first port (Port 1) 
214 and the second port (Port 2) 216 of the memory 
controller 212. The first and second sets of bypass buffer 
devices 252 and 254, respectively, in each memory compo 
nent (MEM) 234 of the first memory module 260 are not 
used in this configuration (this is similar to the asymmetric 
port memory system of FIG. 8A). 

Similar to FIG. 13A, the second port (Port 2) 216 of the 
memory controller 212 is connected to the QDy data bus of 
the memory module 260 through the continuity module 220. 

The advantage of the example of FIG. 15A is that both the 
first port (Port 1) 214 and the second port (Port 2) 216 of the 
memory controller 212 and both buses (QDX and QDy) of 
the first memory module 260 are operated at full bandwidth. 
This is not true of any of the other memory Systems already 
discussed (even the asymmetric port memory Systems can 
only use two of three memory ports, So there are Some 
controller pins being underutilized). 

The example of FIG. 15B with the “1x”/“1x” memory 
modules is also able to use both the first port (Port 1) 214 and 
the second port (Port 2) 216 of the memory controller 212 
and one data bus (QDX) in each of the first memory module 
260 and the second memory module 262 at full bandwidth, 
again using the resources of the memory System at full 
efficiency. This is done without using the QDy data buses of 
the first and second memory modules 260 and 262. 

In the examples of FIGS. 15C, 15D, and 15E, there are 
mismatched memory modules, and the QDy buses of the 
memory modules must be used to even the available band 
width. The following discussion will be directed to the 
example of FIG. 15E with the “1x”/“8x” memory modules, 
but will apply to the “1x”/“2x” and “1x”/"4x” memory 
systems of FIGS. 15C and 15D, respectively, as well. 

In the example of FIG. 15E with the “1x”/“8x” memory 
modules, an access to the low 2 words of the two memory 
Spaces (a lockStep access is assumed) will involve transfer 
ring a word between the first port (Port 1) 214 of the memory 

15 

25 

35 

40 

45 

50 

55 

60 

65 

24 
controller 212 and the QDX data bus of the first memory 
module 260, and a second word between the second port 
(Port 2) 216 of the memory controller 212 and the QDX data 
bus of the second memory module 268. An access to the 
region above the low 2 words of the two memory spaces 
will involve transferring a word between the second port 
(Port 2) 216 of the memory controller 212 and the QDX data 
bus of the second memory module 268. A second word is 
transferred between the first port (Port 1) 214 of the memory 
controller 212 and the QDX data bus of the first memory 
module 260, through the first and second sets of bypass 
buffer devices 252 and 254, respectively, in the memory 
components (MEM) 234 of the first memory module 260 to 
the QDy data bus of the first memory module 260, through 
the wires connecting the two QDy data buses of the first and 
second memory modules 260 and 268, and into the QDy 
data bus of the second memory module 268. In this way, the 
bypass path allows the memory locations labeled “S1 in the 
Second memory module 268 to appear as if they are in the 
memory locations labeled “D1” in the first memory module 
260. Thus, in this way, the two mismatched memory mod 
ules 260 and 268 can provide uniform bandwidth across the 
full memory Space, using the two controller ports 214 and 
216 at full efficiency. 
One drawback with the above-described bypass port 

memory System for handling mismatched memory modules 
is that there is a Somewhat longer transfer time for the data 
which must travel through the bypass path to and from the 
"S1’ region of the Second memory module memory Space. 
Thus, there may be an efficiency loSS because the longer 
transfer time will mean that idle time inserted between read 
and write transfers must be somewhat larger for bus turn 
around. This can be reduced by using write buffers in the 
memory controller 212, which collect and hold write trans 
actions (allowing read transactions to proceed without 
delay), and then allowing a burst of write transactions to be 
issued. This will amortize the bus turnaround time acroSS 
many write transactions. 
A Second efficiency loSS may occur because of the time 

needed to switch between the non-bypass path (the low 2. 
words) and the bypass path (above the low 2 words). Idle 
time may need to be inserted to allow for the difference in 
the transfer time of these two paths. Again, this can be 
reduced by using write buffers in the memory controller 212, 
which collect and hold write transactions, but the write 
buffers are also divided into two groups according to 
whether the write destination is in the low 2 words or 
above the low 2 words. Again, this will amortize the bus 
turnaround time acroSS many write transactions. 
The above-described write buffering concepts may be 

extended to read transactions by queuing read transactions in 
the memory controller 212 and completing them in an 
out-of-order fashion. This will allow read transactions to the 
non-bypass path (the low 2 words) and the bypass path 
(above the low 2 words) to be grouped together. This will 
amortize the bus turnaround time acroSS many read trans 
actions. It should be noted that this read queuing concept 
must be balanced by the need to complete a read transaction 
as quickly as possible. It is possible to include a configu 
ration Setting (e.g., a programmable register, fuse, or 
jumper) in the memory controller 212 that could be used to 
Select between a Setting to maximize bandwidth and a 
Setting to minimize latency or Some Setting in between. It 
should also be noted that it is possible for application 
Software or operating System Software to preferentially load 
certain data Structures and code Structures into the two 
regions (i.e., in the low 2 words and above the low 2. 
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words), so that transactions to the two regions naturally 
cluster together. This would also improve the bandwidth of 
mismatched memory module Systems. 

Referring to FIG. 16, there is shown a fractional port 
memory System in accordance with the present invention. 
The fractional port memory system of FIG. 16 comprises a 
memory controller 280 having four data buses (i.e., QDw, 
QDX, QDy, and QDZ) and two address buses (i.e., A1 and 
A2). The fractional port memory system of FIG. 16 also 
comprises a module connector 281 for electrically connect 
ing the data and address buses of the memory controller 280 
with a set of one or two memory modules 282-290. The 
module connector 281 is designed to accept a set of one or 
two memory modules 282-290 in several different configu 
rations. That is, the module connector 281 allows a set of 
one or two memory modules 282-290 to be electrically 
connected to the data and address buses of the memory 
controller 280 in a manner that is approximately propor 
tional to the memory capacity of each memory module 
282-29O. 
More particularly, each data bus (QDw, QDX, QDy, and 

QDZ) of the memory controller 280 has ND signal wires 
which connect to one of four active sites (black Squares) of 
the module connector 281. Each set of one or two memory 
modules 282-290 has four groups of contacts (black 
Squares) that connect to the four active sites (black Squares) 
of the module connector 281. Each memory module 
282-290 contains memory components (not to shown, but 
similar to those shown and described in FIGS. 13 and 14) 
having four data buses which connect to the four groups of 
contacts (black Squares). The memory components have 
multiplexing logic (not shown, but similar to that shown and 
described in FIG. 14) which allows all the storage cells of 
the memory component to be accessed through any of the 
data buses. The memory controller 280 includes logic (not 
shown, but similar to that shown and described in FIG. 15) 
for configuring the memory components at initialization and 
for Steering data to/from the appropriate memory controller 
and memory component data buses. The white Squares 
indicate inactive sites that may be needed for mechanical 
support of the sets of memory modules 282-290. 

In the case where the Set of one or two memory modules 
282-290 includes only a first memory module 282 (i.e., the 
“1x” module), the memory components on the first memory 
module 282 connect to all of the four groups of contacts 
(black Squares). In the case where the set of one or two 
memory modules 282-290 includes the first memory mod 
ule 282 and a second memory module 284 (i.e., the “1x”/ 
“1x” module), the memory components on both the first 
memory module 282 and the second memory module 284 
each connect to two groups of contacts (black Squares). In 
the case where the Set of one or two memory modules 
282-290 includes the first memory module 282 and a third 
memory module 286 (i.e., the “1x”/“2x” module), the 
memory components on both the first memory module 282 
and the third memory module 286 each connect to two 
groups of contacts (black Squares). In the case where the set 
of one or two memory modules 282-290 includes the first 
memory module 282 and a fourth memory module 288 (i.e., 
the “1x”/"4x” module), the memory components on the first 
memory module 282 connect to one group of contacts (black 
Squares) and the memory components on the fourth memory 
module 288 connect to three groups of contacts (black 
Squares). In the case where the set of one or two memory 
modules 282-290 includes the first memory module 282 and 
a fifth memory module 290 (i.e., the “1x”/“8x” module), the 
memory components on the first memory module 282 con 
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nect to one group of contacts (black Squares) and the 
memory components on the fifth memory module 290 
connect to three groups of contacts (black Squares). 
The two address buses (i.e., A1 and A2) of the memory 

controller 280 also adapt to the different memory module 
configurations. For example, in FIG. 16, the A1 address bus 
is driven from the memory controller 280 into a splitting 
element “S” to create two copies of the A1 address bus. The 
A2 address bus is driven from the memory controller 280 
into two splitting elements “S” to create three copies of the 
A2 address bus. The splitting elements “S” could be as 
Simple as a single low impedance trace splitting into two 
traces of half the impedance. The splitting elements “S” 
could also be a Switch or buffer component. Alternatively, 
the memory controller 280 could simply drive two separate 
copies of the A1 address bus and three separate copies of the 
A2 address bus, or Some equivalent technique could be used 
to make the copies of the address buses. 

Each memory module 282-290 in the example fractional 
port memory system of FIG. 16 receives its address bus on 
a Set of address bus contacts located near the data bus 
contacts. In FIG. 16, the address bus contacts are indicated 
by Small gray Squares in each of the five different memory 
module configurations shown (i.e., the “1x” module, the 
“1x”/“1x” module, the “1x'/“2” module, the “1x”/“4x” 
module, and the “1X"/"8x” module). The Small white 
Squares indicate inactive sites that may be needed for 
mechanical support of the sets of memory modules 282-290. 

In the case where the Set of one or two memory modules 
282-290 includes only a first memory module 282 (i.e., the 
“1x” module), the memory components on the first memory 
module 282 use only the top copy of the A2 address bus. In 
the case where the Set of one or two memory modules 
282-290 includes the first memory module 282 and the 
second memory module 284 (i.e., the “1x”/"1x” module), 
the memory components on the first memory module 282 
use the middle copy of the A2 address buS and the memory 
components on the Second memory module 284 use the top 
copy of the A1 address bus. In the case where the Set of one 
or two memory modules 282-290 includes the first memory 
module 282 and the third memory module 286 (i.e., the 
“1x”/"2x” module), the memory components on the first 
memory module 282 use the middle copy of the A2 address 
buS and the memory components on the third memory 
module 286 use the top copy of the A1 address bus. In the 
case where the set of one or two memory modules 282-290 
includes the first memory module 282 and the fourth 
memory module 288 (i.e., the “1x”/"4x” module), the 
memory components on the first memory module 282 use 
the bottom copy of the A2 address bus and the memory 
components on the fourth memory module 288 use the 
bottom copy of the A1 address bus. In the case where the set 
of one or two memory modules 282-290 includes the first 
memory module 282 and the fifth memory module 290 (i.e., 
the “1x”/"8x” module), the memory components on the first 
memory module 282 use the bottom copy of the A2 address 
buS and the memory components on the fifth memory 
module 290 use the bottom copy of the A1 address bus. 
One characteristic of the above-described technique for 

distributing addresses to each of the five different memory 
module configurations shown (i.e., the “1x” module, the 
“1x”/“1x” module, the “1x/“2x” module, the “1x”/“4x” 
module, and the “1x”/"8x” module) is that there are many 
unused signal wires. One way to overcome this character 
istic is to Steer individual address Signals inside the memory 
controller 280 onto the appropriate address wires for the 
particular memory module configuration that is detected at 
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initialization time. Referring to FIG. 17, there is shown an 
example of Such an address Steering technique using a Set of 
multiplexers 292 in a modified memory controller 294. That 
is, the multiplexerS 292 are used to route a single A1 address 
bit Ali and a single A2 address bit A2(i) from inside the 
modified memory controller 294 to particular contacts (the 
Small gray Squares) in each set of one or two memory 
modules 282-290. There are three possible memory module 
configurations for this example, for the “1X memory mod 
ule case (select=0), for the “1x”/“1x” and “1x”/“2x” 
memory module cases (select=1), and for the “1x”/"4x” and 
“1x”/"8x” memory module cases (select=2). 

For each select value, the A2ibit is steered to the output 
of one of the three lower multiplexers 292 in the modified 
memory controller 294. The other two multiplexers 292 
carry different address bits, appropriate for that memory 
module combination. One multiplexer 292 drives the proper 
A2 address wire from the modified memory controller 294 
to the appropriate memory module contact. Thus, all address 
wires are utilized, and none are wasted, and the only cost is 
the set of multiplexers 292 in the memory controller 294. 
The A1ibit is steered to the output of one of the two upper 
multiplexers 292 in the modified memory controller 294 in 
a similar fashion (although the A1 address is not used for the 
“1x” memory module configuration (select=0)). 

The above-described techniques associated with the frac 
tional port memory System permit the address and data buses 
to be Subdivided as finely as the memory components allow. 
It should be noted that the number of data buses (QDw, 
QDX, QDy, and QDZ) cannot exceed the total number of data 
wires connected to a Single memory component Since data 
multiplexing is needed in the memory components. 
However, if the data multiplexing were moved out of the 
memory components and into other buffering components 
on the memory module, then the number of data buses could 
not exceed the total number of data wires connected to one 
of these buffering components. It is much easier to add data 
wires to the buffering component, Since this will not affect 
the memory capacity of the memory module. In contrast, 
changing the number of data wires on a memory component 
will affect the capacity of the memory module (indirectly). 

By Subdividing the data buS into Smaller pieces, and using 
the multiplexing technique for the individual bits of the 
address buses, it is possible to Subdivide the address Space 
in each memory module into Smaller pieces. This permits the 
bandwidth of memory accesses to reach the maximum 
possible acroSS more of the address Space. Referring to FIG. 
18, there is shown a particular example of this Scenario with 
the “1x”/"4x’ memory module configuration. 

In FIG. 18, three data buses (QDw, QDX, and QDy) are 
connected to the “4x’ memory module 288 and one bus 
(QDZ) is connected to the “1x” memory module 282. The 
address space of the “4x’ memory module is divided into 16 
regions labeled “a1-0”, “b1-0", ..., “d 1-3”. Four of these 
regions are accessed at a time by the ANAA1NA-1)} 
address bits. Three of these four regions are Selected for 
access via the {QDw, QDX, and QDy} data buses. 
The address space of the “1x’ memory module is divided 

into 4 regions labeled “2-0”, “2-1”, ..., “2-3”. One of these 
regions is accessed at a time by the A2INAA2INA-1)} 
address bits. The selected region is accessed via the {QDZ} 
bus. 

It should be noted that the word selection within each of 
the selected regions is accomplished with the {A1NA-2), 
A1NA-3, ..., A10 and A2INA-21A2INA-3), . . . , 
A20 address bits, which are simply copied from the 
{ANA-21ANA-3), ..., AO address bits. 
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The address Space presented by the memory controller 

280 to the rest of the system is shown to the left of the 
memory controller 294. Four of the regions are accessible at 
a time on the four write buses (WW, WX, Wy, WZ) and the 
four read buses (Rw, Rx, Ry, RZ). Note that in most memory 
controllers, these read and write buses will be unidirectional, 
but they have been shown as bi-directional in this diagram 
for clarity. 
The ANA+1)ANAANA-1} address bits select 

which four regions are to be accessed, and the ANA-2), 
ANA-3),..., AO address bits select which word in each 
region is to be accessed. It may be seen that for {ANA+ 
1ANAANA-1)}=000,001,010.011, three regions from 
the “4x” memory module 288 and one region from the “1x” 
memory module 282 are Selected. The multiplexing logic in 
both the memory controller 294 and the memory compo 
nents (or buffering components on the memory modules 282 
and 288) steer the data that is accessed to create this memory 
Space mapping. The data in these 16 regions may be 
accessed at the full bandwidth of the four memory controller 
data buses (QDw, QDX, QDy, and QDz). The remaining four 
regions may be accessed at 34 bandwidth (limited by the fact 
that the “4x’ memory module 288 only connects to three 
data buses). It should be noted that another technique 
described in related U.S. patent application Ser. No. 09/949, 
464, filed Sep. 7, 2001, entitled “Improved Granularity 
Memory Column Access” (Client Reference No. RA230, is 
required in the memory component in order to Support the 
two different accessing patterns to the 16 regions of the "4x' 
memory module 

Another technique for maintaining constant memory 
bandwidth with multiple memory controller ports and 
memory modules of unequal sizes is to provide extra 
memory controller ports and intentionally only use a Subset 
of them at any one time. One benefit of this approach is that 
Standard single-port memory modules (with Standard Single 
port memory components) may be used. 

Referring to FIG. 19, there is shown an extra memory 
controller port memory system 300 in accordance with the 
present invention. The extra memory controller port 
memory system 300 comprises a memory controller 302 
having a first port (Port 1) 304, a second port (Port 2)306, 
and a third port (Port 3) 308, all of equal size. The extra 
memory controller port memory system 300 also comprises 
a first memory module 310 connected to the first port (Port 
1) 304 of the memory controller 302, a second memory 
module 312 connected to the second port (Port 2)306 of the 
memory controller 302, and a third memory module 314 
connected to the third port (Port 3) 308 of the memory 
controller 302. 

The memory modules 310, 312, and 314 are divided into 
ranks (rows) of memory components (MEM) 316. The 
number of ranks is denoted N, and may vary from module 
to module. 

The memory modules 310, 312, and 314 are also divided 
into slices (columns) of memory components (MEM) 316. 
The number of slices is denoted N, and may also vary from 
module to module. However, the number of slices N. times 
the number of data-type signals per slice N is a constant 
(NDQ=N* N), determined by the number of data-type 
Signals at a memory controller port No. 
AS described above, the notion of "slice' is used to 

distinguish address-type Signals “A” from data-type signals 
“QD”. The data-type signals (QD) from a slice of a memory 
controller port are only connected to a corresponding Slice of 
each rank of memory components in a memory module. The 
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address-type signals (A) are connected to all slices of each 
rank of memory components in a memory module. The 
address-type signals (A) can usually fan-out to more 
memory components than can data-type signals for Several 
reasons including: 1) the signaling rate of address-type 
Signals (A) is typically lower than data-type signals, and 2 
address-type signals (A) are typically unidirectional 
(flowing from memory controller to memory components) 
and data-type signals (QD) are typically bi-directional 
(flowing in one direction at one time and flowing in the 
opposite direction at another time). As shown in FIG. 19, 
each memory component (MEM) 316 has only a single data 
bus port denoted QD. 

In addition to memory components (MEM) 316, each 
memory module 310,312, and 314 also contains some form 
of termination structure (T) 318 at the end of each signal 
wire. This is typically Some Sort of resistor component, and 
is typically required due to high Signaling rates in a memory 
System. 

Although the extra memory controller port memory SyS 
tem 300 is shown in FIG. 19 with three memory modules 
(i.e., memory modules 310,312, and 314), the extra memory 
controller port memory system 300 may be populated with 
any of one, two, or three memory modules. Each of memory 
controller ports 304,306, and 308 connect to a single socket, 
which can optionally hold a single memory module (this 
permits point-to-point wire topologies between memory 
controller and Sockets). The Sockets are identical. The 
memory modules 310, 312, and 314 are also identical, 
except that they can be configured for a range of different 
capacities. This is accomplished by varying the number of 
memory components 316 on each memory module, or by 
varying the density of the memory components 316, or both. 
In this manner, a user may select the Storage capacity of the 
memory system 300. 
AS mentioned previously, it is desirable for a manufac 

turer to install Some Storage capacity in a memory System at 
the time it is built, and it is also desirable for a user to be able 
to add Storage capacity to the memory System at a later point 
in time. It is also important that when Storage capacity is 
added, the performance (bandwidth) of the memory System 
not decrease. This is a potential problem with prior art 
Systems, as described above. 

In the three port memory controller 302 of FIG. 19, 
internal data buses are deliberately designed to only use up 
to two memory modules worth of bandwidth (a memory 
module can provide a bandwidth of “/3”). With this 
limitation, it is then possible to insure that when memory is 
added, performance will never diminish. FIG. 20 illustrates 
one way in which this may be accomplished. When referring 
to FIG. 20, it is assumed that when the memory system 300 
is built, a single memory module 340 is installed. Also, it is 
assumed that the memory capacity of this Single memory 
module 340 is “1X', and that it supplies a bandwidth of “/3”. 
When the System memory capacity is increased, two 

memory modules 342 and 344 are added. It is possible to 
increase the “1x” base capacity by “2x” (see block 320), 
“3x” (see block 322), “4x” (see block 328), “8x” (see block 
334), and “16x” (see block 338) by using “1x”, “2x”, “4x”, 
and “8x’ memory modules in the combinations indicated 
below the respective blockS. In these five cases, the memory 
spaces in the three memory modules 340, 342, and 344 are 
broken into fragments, and combined with one another So 
that two fragments may always be accessed. The mapping 
logic in the memory controller 302 that does this is similar 
to what has already been described above for other 
approaches. 
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For example, in block 328 (i.e., “1X/2x/2x Modules 

Present”), the memory controller 302 will access the two 
fragments labeled “c” for the lowest part of the effective 
memory Space, then it will access the two fragments labeled 
“b” for the next part, and finally it will access the two 
fragments labeled “a” for the highest part of the memory 
space. In all parts of the “c”/*b/“a” memory space, two 
memory modules may be accessed, giving a total bandwidth 
of “2/. 

It should be noted that with this scheme, the memory 
bandwidth of the base memory (“1x”) will only be “/3”, 
since only one memory module 340 is present. This is 
acceptable, Since it is acceptable to increase memory band 
width to “%'when memory capacity is increased. Also, it is 
important that the memory bandwidth never be lowered as 
a result of increasing memory capacity. 

It should also be noted that there are a number of 
combinations in which Some of the memory Space must be 
accessed at “/3' bandwidth. These combination are assumed 
to be unused. 

Other Similar mapping Schemes are possible. For 
example, five memory ports could be provided on a memory 
controller, with two being used by a base memory, and three 
being used in an upgrade. The main idea is that the memory 
controller: 1.) accesses a first location of a first memory 
module Simultaneously with a Second location of a Second 
memory module; and 2.) accesses a third location of the first 
memory module Simultaneously with a fourth location of a 
third memory module. This is somewhat like lockstep 
accesses as described above, but this technique uses more 
than two memory modules in a more complex accessing 
pattern. 
An additional technique for maximizing memory band 

width in memory Systems with multiple memory controller 
ports and memory modules of unequal sizes is to provide a 
memory controller that can switch between different 
memory module access modes. For example, it would be 
beneficial to allow a memory controller to switch between 
an exclusive memory module access mode (as described 
above with respect to FIG. 3), an independent memory 
module access mode (as described above with respect to 
FIG. 4), and a lockStep memory module access mode (as 
described above with respect to FIG. 5). Referring to FIG. 
21, there is shown a hybrid memory system 350 which 
allows for Such Switching between memory module access 
modes in accordance with the present invention. Similar to 
the independent port-per-module memory System shown in 
FIG. 4, in the hybrid memory system 350 of FIG. 21 there 
are two sets of address (A), read data (R), and write data (W) 
signals between a memory controller 352 and the rest of the 
System (not shown). These two sets of Signals are appended 
with a “u” or “v' to distinguish them. They are connected to 
memory request Sources in the System (e.g., central process 
ing unit, graphics unit, I/O unit, etc), and they permit two 
Simultaneous memory requests to be performed. 

In FIG. 21, there is only one case shown: a first memory 
module 354 and a second memory module 356 with memory 
capacities of “1x”/"4x”, respectively. However, other cases 
similar to those shown in FIG. 4 and others are also possible. 
In each case, the memory controller 352 comprises two 
address multiplexers 358u and 358v, two read data multi 
plexers 360u and 360', and two write data multiplexers 362u. 
and 362. The address multiplexers 358u and 358v have 
address queues 364u and 364v, respectively, and the write 
data multiplexers 362u and write data queues 366 u and 
366 v, respectively, for accumulating memory request 
addresses and write data, as described in detail below. 
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As mentioned above, the hybrid memory system 350 
allows for Switching between memory module access 
modes. This switching function is typically controlled by the 
memory controller 352. For example, the memory controller 
352 may permit a graphics processor to access up to two 
memory modules at once, while only permitting a main 
central processing unit to access a single memory module at 
a time. The memory controller 352 could use mapping 
hardware So that two equal regions of memory (one in each 
memory module) were operated in lockStep mode when 
accessed by the graphics processor. The remaining region on 
each memory module could be accessed in independent 
mode by the graphics processor, and all memory on both 
memory modules could be accessed in independent mode by 
the main central processing unit. 

This arrangement would permit code and data structures 
that were used heavily by the graphics processor to be placed 
in a lockstep region 368. When this lockstep region 368 is 
accessed by the graphics processor, both memory modules 
would be utilized. All other accesses would only utilize one 
memory module, allowing pairs of transactions to be paired 
up, as described previously. In particular, when the main 
central processing unit accesses the lockStep region 368, it 
would be treated as an independent access, and only one 
memory module would be utilized at a time. 

With this approach, much of the available performance 
(bandwidth) of the two memory modules can be used, even 
if the modules are badly mismatched. This particular Scheme 
would require control registers in the memory controller 352 
to specify that two types of accessing modes were to be 
permitted. These registers would also specify the address 
ranges of the lockStep region 368 and an independent acceSS 
region 370 in each memory module, as well as the acceSS 
mode used by each request Source. 
A more specific example of how the hybrid memory 

system 350 allows for Switching between memory module 
access modes assumes that the graphics processor always 
transfers a double block (2B bytes) to or from the memory 
controller 352 on the Ru/Rv data buses (read) or the Wu/Wv 
data buses (write) when it accesses the lockStep region 368. 
In this example, this is the lower % of the “1x’ memory 
module 354 and the lower /sth of the “4x’ memory module 
356. The graphics processor will typically be given simul 
taneous timing slots on the address buses (Au/AV) and write 
data buses (Wu/Wv) in the memory controller 352 to do this. 
However, it is not necessary that the two accesses happen 
Simultaneously, and in fact this permits the design of the 
memory controller 352 to be kept less complicated. The 
address queues 364 and write data queues 366 will delay the 
address and write data by the appropriate amount for each 
memory module 354 or 356. 

However, it will be necessary for the graphics processor 
to provide a read queue to delay either of the read data 
blocks (on the Ru and RV data buses) so that they can be 
aligned. This is because the read transactions will not 
necessarily occur Simultaneously on the two memory mod 
ules 354 and 356. This queue structure in the graphics 
processor is not shown, but is similar to the queue Structures 
shown in the memory controller 352. 

The graphics processor always transfers a single block (B 
bytes) to or from the memory controller on the Ru data bus 
(read) or the Wu data bus (write) when it accesses the 
independent region 370. In this example, this is the upper /3 
of the “1x’ memory module 354 and the upper 78th of the 
“4x’ memory module 356. The graphics processor will 
normally be given a timing slot on the address bus (Au) and 
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write data bus (Wu) in the memory controller 352 to do this. 
It will accept the read data on the Ru data bus when it 
becomes available. 

The main central processing unit always transferS a Single 
block (B bytes) to or from the memory controller 352 on the 
RV data bus (read) or the Wv data bus (write) when it 
accesses the independent region 370 or the lockStep region 
368. The main central processing unit will typically be given 
a timing slot on the address bus (AV) and write data bus (Wv) 
in the memory controller 352 to do this. It will accept the 
read data on the RV data bus when it becomes available. It 
should be noted that the memory controller 352 typically 
provides for arbitration for the V and U buses between the 
main central processing unit and lockStep accesses by the 
graphics processor. 
The type of access mode (i.e., either lockStep or 

independent) will depend upon both the Source of a memory 
request (i.e., either the graphics processor or the main central 
processing unit) and/or the address of the memory request 
(lockStep region or independent region). The mode Selection 
can be accomplished by a programmable register, fuse, 
jumper, etc. in the memory controller 352. 
A further technique that can be used for bandwidth 

matching in accordance with the present invention is 
memory module removal. That is, when a memory module 
is present and a Second, larger memory module is added, it 
is undesirable for the System performance to lessen. If none 
of the techniques discussed above are utilized, the possibil 
ity exists that for Some memory module combinations and 
Some applications, the addition of memory capacity will 
have the undesired effect of lowering the memory bandwidth 
acroSS Some of the address Space, thereby lowering System 
performance. 

It is possible to avoid this by removing the original, 
Smaller memory module and only using the Second, larger 
module. This will ensure that the memory capacity has 
increased, and that memory bandwidth across the full 
memory space remains at the maximum possible. However, 
the System user will be aware that the original memory is not 
usable (it is not installed in the system). This is undesirable 
for marketing reasons. 
A Solution is to provide a special non-functioning memory 

module receptacle that is indistinguishable from the memory 
module receptacles that are functional. This non-functioning 
memory module receptacle would not connect to any of the 
high Speed address and data buses of the System, and would 
thus not impact System timing performance. However, a 
memory module mounted in this receptacle would still 
connect to the presence-detection hardware, letting initial 
ization Software know that a non-functioning memory mod 
ule is present. The memory capacity of this memory module 
would be reported at initialization, but it would not be 
available to the application and System Software. In this 
manner, the System user would have the illusion that the 
original memory is still being used, when in fact it was being 
deliberately disabled So that System performance is not 
compromised. The non-functioning memory module recep 
tacle may also serve a Secondary purpose, which is to 
provide a storage location for an unused memory module in 
case it could later be used in another System. 

In Summary, the above-described techniqueS provide a 
number of Solutions to the problem of upgrading a memory 
System in which more than one memory port is present in a 
memory controller, but only one memory module may be 
connected to each port. These Solutions provide maximum 
memory bandwidth across the full memory address Space 
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when the memory System is constrained to a single memory 
module per memory controller port, and the memory mod 
ules are allowed to have different densities and organiza 
tions. These Solutions also keep memory bandwidth (and 
other performance metrics) as balanced as possible across 
the entire memory Space. 

The present invention is not to be limited in scope by the 
Specific embodiments described herein. Indeed, various 
modifications of the present invention, in addition to those 
described herein, will be apparent to those of ordinary skill 
in the art from the foregoing description and accompanying 
drawings. Thus, Such modifications are intended to fall 
within the Scope of the following appended claims. Further, 
although the present invention has been described herein in 
the context of a particular implementation in a particular 
environment for a particular purpose, those of ordinary skill 
in the art will recognize that its usefulneSS is not limited 
thereto and that the present invention can be beneficially 
implemented in any number of environments for any num 
ber of purposes. Accordingly, the claims Set forth below 
should be construed in view of the full breath and spirit of 
the present invention as disclosed herein. 
What is claimed is: 
1. A memory System comprising: 
a memory module comprising: 

a memory component having a memory core for Storing 
data therein; 

a first Set of interface connections for providing access 
to the memory core; 

a Second Set of interface connections for providing 
access to the memory core; and 

access circuitry for Selecting between a first mode 
wherein a first portion of the memory core is acces 
Sible through the first Set of interface connections 
and a Second portion of the memory core is acces 
Sible through the Second Set of interface connections, 
and a Second mode wherein both the first portion and 
the Second portion of the memory core are accessible 
through the first Set of interface connections, and 

a memory controller for providing memory access Signals 
to the memory module for selecting between the first 
mode and the Second mode. 

2. The memory System as defined in claim 1, wherein the 
memory controller includes a first data port and a Second 
data port for providing access to the memory module, 
wherein the first data port is connected to the first set of 
interface connections for providing acceSS between the 
memory controller and the memory module, the memory 
System further comprising: 

a continuity module connected to the Second data port and 
the Second Set of interface connections for providing 
access between the memory controller and the memory 
module. 

3. The memory system as defined in claim 1, wherein the 
memory module is a first memory module having a first 
memory component with a first memory core and first acceSS 
circuitry, wherein the memory controller includes a first data 
port and a Second data port, wherein the first data port is 
connected to the first Set of interface connections for pro 
Viding access between the memory controller and the first 
memory module, the memory System further comprising: 

a Second memory module comprising: 
a Second memory component having a Second memory 

core for Storing data therein; 
a third Set of interface connections for providing access 

to the Second memory core; 
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a fourth Set of interface connections for providing 

access to the Second memory core; and 
Second access circuitry for Selecting between a first 
mode wherein a first portion of the Second memory 
core is accessible through the third set of interface 
connections and a Second portion of the Second 
memory core is accessible through the fourth Set of 
interface connections, and a Second mode wherein 
both the first portion and the second portion of the 
Second memory core are accessible through the third 
Set of interface connections, 

wherein the Second data port is connected to the third Set 
of interface connections for providing access between 
the memory controller and the Second memory module, 
and wherein the Second Set of interface connections is 
connected to the fourth Set of interface connections for 
providing access between the first memory module and 
the Second memory module. 

4. The memory system as defined in claim 1, wherein the 
memory module is a first memory module having a first 
memory component with a first memory core and first access 
circuitry, wherein the memory controller includes a first data 
port, a Second data port, and a third data port, wherein the 
first data port is connected to the first Set of interface 
connections for providing access between the memory con 
troller and the first memory module, the memory System 
further comprising: 

a Second memory module comprising: 
a Second memory component having a Second memory 

core for Storing data therein; 
a third Set of interface connections for providing access 

to the second memory core; 
a fourth Set of interface connections for providing 

access to the Second memory core; and 
Second access circuitry for Selecting between a first 
mode wherein a first portion of the Second memory 
core is accessible through the third set of interface 
connections and a Second portion of the Second 
memory core is accessible through the fourth Set of 
interface connections, and a Second mode wherein 
both the first portion and the second portion of the 
Second memory core are accessible through the third 
Set of interface connections, and 

a third memory module comprising: 
a third memory component having a third memory core 

for Storing data therein; 
a fifth set of interface connections for providing access 

to the third memory core; 
a sixth set of interface connections for providing access 

to the third memory core; and 
third access circuitry for Selecting between a first mode 

wherein a first portion of the third memory core is 
accessible through the fifth Set of interface connec 
tions and a Second portion of the third memory core 
is accessible through the Sixth Set of interface 
connections, and a Second mode wherein both the 
first portion and the second portion of the third 
memory core are accessible through the fifth Set of 
interface connections, 

wherein the third data port is connected to the sixth set of 
interface connections for providing access between the 
memory controller and the third memory module, 
wherein the Second Set of interface connections is 
connected to the third Set of interface connections for 
providing access between the first memory module and 
the Second memory module, and wherein the fourth Set 
of interface connections is connected to the fifth Set of 
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interface connections for providing access between the 
Second memory module and the third memory module. 

5. The memory system as defined in claim 1, wherein the 
memory module is a first memory module having a first 
memory component with a first memory core and first acceSS 
circuitry, wherein the memory controller includes a first data 
port, a Second data port, and a third data port, wherein the 
first data port is connected to the first Set of interface 
connections for providing access between the memory con 
troller and the first memory module, wherein the Second data 
port is connected to the Second Set of interface connections 
for also providing access between the memory controller 
and the first memory module, the memory System further 
comprising: 

a Second memory module comprising: 
a Second memory component having a Second memory 

core for Storing data therein; 
a third Set of interface connections for providing access 

to the Second memory core; 
a fourth Set of interface connections for providing 

access to the Second memory core; and 
Second access circuitry for Selecting between a first 
mode wherein a first portion of the Second memory 
core is accessible through the third Set of interface 
connections and a Second portion of the Second 
memory core is accessible through the fourth Set of 
interface connections, and a Second mode wherein 
both the first portion and the second portion of the 
Second memory core are accessible through the third 
Set of interface connections, 

wherein the third data port is connected to the third set of 
interface connections for providing acceSS between the 
memory controller and the Second memory module. 

6. A memory System comprising: 
a memory module comprising: 

at least one memory component for providing memory 
Storage locations for Storing data therein; 

a first Set of interface connections for providing access 
to at least Some of the memory Storage locations, 

a Second Set of interface connections for providing 
access to at least Some of the memory Storage 
locations, and 

access circuitry for Selecting between a first mode 
wherein a first group of the memory Storage loca 
tions is accessible through the first Set of interface 
connections and a Second group of memory Storage 
locations is accessible through the Second Set of 
interface connections, and a Second mode wherein 
both the first group and the Second group of memory 
Storage locations are accessible through the first Set 
of interface connections, and 

a memory controller for providing memory access Signals 
to the memory module for selecting between the first 
mode and the Second mode. 

7. The memory system as defined in claim 6, wherein the 
memory controller includes a first data port and a Second 
data port for providing access to the memory module, 
wherein the first data port is connected to the first set of 
interface connections for providing acceSS between the 
memory controller and the memory module, the memory 
System further comprising: 

a continuity module connected to the Second data port and 
the Second Set of interface connections for providing 
access between the memory controller and the memory 
module. 

8. The memory system as defined in claim 6, wherein the 
memory module is a first memory module having at least 
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one first memory component for providing first memory 
Storage locations and first access circuitry, wherein the 
memory controller includes a first data port and a Second 
data port, wherein the first data port is connected to the first 
Set of interface connections for providing access between the 
memory controller and the first memory module, the 
memory System further comprising: 

a Second memory module comprising: 
at least one Second memory component for providing 

Second memory Storage locations for Storing data 
therein; 

a third Set of interface connections for providing access 
to at least Some of the Second memory Storage 
locations, 

a fourth Set of interface connections for providing 
access to at least Some of the Second memory Storage 
locations, and 

Second access circuitry for Selecting between a first 
mode wherein a first group of the Second memory 
Storage locations is accessible through the third Set of 
interface connections and a Second group of the 
Second memory Storage locations is accessible 
through the fourth Set of interface connections, and 
a Second mode wherein both the first group and the 
Second group of the Second memory Storage loca 
tions are accessible through the third Set of interface 
connections, 

wherein the Second data port is connected to the third Set 
of interface connections for providing access between 
the memory controller and the Second memory module, 
and wherein the Second Set of interface connections is 
connected to the fourth Set of interface connections for 
providing access between the first memory module and 
the Second memory module. 

9. The memory system as defined in claim 6, wherein the 
memory module is a first memory module having at least 
one first memory component for providing first memory 
Storage locations and first access circuitry, wherein the 
memory controller includes a first data port, a Second data 
port, and a third data port, wherein the first data port is 
connected to the first Set of interface connections for pro 
Viding access between the memory controller and the first 
memory module, the memory System further comprising: 

a Second memory module comprising: 
at least one Second memory component for providing 

Second memory Storage locations for Storing data 
therein; 

a third Set of interface connections for providing access 
to at least Some of the Second memory Storage 
locations, 

a fourth Set of interface connections for providing 
access to at least Some of the Second memory Storage 
locations, and 

Second access circuitry for Selecting between a first 
mode wherein a first group of the Second memory 
Storage locations is accessible through the third Set of 
interface connections and a Second group of the 
Second memory Storage locations is accessible 
through the fourth Set of interface connections, and 
a Second mode wherein both the first group and the 
Second group of the Second memory Storage loca 
tions are accessible through the third Set of interface 
connections, and 

a third memory module comprising: 
at least one third memory component for providing 

third memory Storage locations for Storing data 
therein; 
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a fifth set of interface connections for providing access 
to at least Some of the third memory Storage loca 
tions, 

a sixth set of interface connections for providing access 
to at least Some of the third memory Storage loca 
tions, and 

third access circuitry for Selecting between a first mode 
wherein a first group of the third memory Storage 
locations is accessible through the fifth set of inter 
face connections and a Second group of the third 
memory Storage locations is accessible through the 
Sixth set of interface connections, and a Second mode 
wherein both the first group and the Second group of 
the third memory Storage locations are accessible 
through the fifth Set of interface connections, 

wherein the third data port is connected to the sixth set of 
interface connections for providing access between the 
memory controller and the third memory module, 
wherein the Second Set of interface connections is 
connected to the third Set of interface connections for 
providing access between the first memory module and 
the Second memory module, and wherein the fourth Set 
of interface connections is connected to the fifth Set of 
interface connections for providing access between the 
Second memory module and the third memory module. 

10. The memory system as defined in claim 6, wherein the 
memory module is a first memory module having at least 
one first memory component for providing first memory 
Storage locations and first access circuitry, wherein the 
memory controller includes a first data port, a Second data 
port, and a third data port, wherein the first data port is 
connected to the first set of interface connections for pro 
Viding access between the memory controller and the first 
memory module, wherein the Second data port is connected 
to the Second Set of interface connections for also providing 
access between the memory controller and the first memory 
module, the memory System further comprising: 

a Second memory module comprising: 
at least one Second memory component for providing 

Second memory Storage locations for Storing data 
therein; 

a third Set of interface connections for providing access 
to at least Some of the Second memory Storage 
locations, 

a fourth Set of interface connections for providing 
access to at least Some of the Second memory Storage 
locations, and 

Second access circuitry for Selecting between a first 
mode wherein a first group of the Second memory 
Storage locations is accessible through the third set of 
interface connections and a Second group of the 
Second memory Storage locations is accessible 
through the fourth Set of interface connections, and 
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a Second mode wherein both the first group and the 
Second group of the Second memory Storage loca 
tions are accessible through the third Set of interface 
connections, 

wherein the third data port is connected to the third set of 
interface connections for providing access between the 
memory controller and the Second memory module. 

11. A memory System comprising: 
a memory controller/module connector having designated 

active and inactive address and data Sites, 
a memory controller having a plurality of groups of 

address and data lines, each group of address lines 
being connected to a respective active address Site, each 
group of data lines being connected to a respective 
active data Site, and 

at least one memory module having a memory component 
with a memory core for Storing data therein, each 
memory module having a plurality of Sets of address 
and data contacts, each Set of data contacts for provid 
ing access to the memory core; 

wherein each memory module is mated with the memory 
controller/module connector Such that at least one set of 
address contacts is connected to a respective active 
address Site and at least one set of data contacts is 
connected to a respective active data Site. 

12. The memory system as defined in claim 11, wherein 
the memory controller includes multiplexing circuitry for 
Steering individual address Signals from the plurality of 
groups of address lines to particular active address Sites. 

13. The memory system as defined in claim 11, wherein 
the plurality of groups of data lines are divided so as to 
maximize bandwidth in the memory System. 

14. A method for maximizing bandwidth in a memory 
System having a first memory module having a first memory 
capacity, the method comprising the Steps of 

adding a Second memory module having a Second 
memory capacity to the memory System, wherein the 
Second memory capacity is greater than the first 
memory capacity; and 

removing the first memory module from the memory 
System, thereby preventing a memory capacity mis 
match between the first and Second memory modules 
and insuring maximum bandwidth in the memory Sys 
tem. 

15. The method as defined in claim 14, further comprising 
the step of: 

placing the first memory module in a memory module 
receptacle wherein the presence of the first memory 
module may be detected, but access to and from the 
first memory module is not permitted. 
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